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Abstract 
A simple water balance model was applied to a micro-catchment water harvesting system 
for a semi-arid area in the North-Eastern part of Jordan. Two Negarim micro-catchment 
water harvesting systems were built at Al-Khanasri research station. A Randomized 
complete block design (RCBD) in factorial combination was used with six treatments and 
three replicates. Each plot was divided into two parts; a runoff area, and a run-on area. Two 
different treatments were used for the catchment area, these were: compacted (T1) and 
Natural treatments (T2). Three treatments were used for the run-on area, these were: 
disturbed (S1), stones (S2), and crop residue mulch (S3). Soil water content was measured 
over a depth of 0-1 m during the seasons 96-97 in these micro-catchments. In this model; 
daily rainfall, runoff, and evaporation were used. Runoff was calculated by the curve 
number method; evaporation was calculated by the Penman equation, the Priestley and 
Taylor method and the Class A pan approach. The least squares method was used for 
optimizing model parameters. The performance of the model was assessed by different 
criteria, such as root mean square error, relative root mean square error, coefficient of 
determination and the Nash-Sutcliffe efficiency method. The performance of the micro-
catchments system was also evaluated. Results showed that with limited but reliable 
hydrological data good agreement between predicted and observed values could be 
obtained. The ratio of water storage in a one meter soil depth to the rainfall falling on each 
catchment indicated that T1S2 and T1S3 have the highest values in size1 plots while T2S1 
and T2S2 have the highest values in size 2 plots. Modelling results showed that for all the 
size 1 plots, the required ratio of the cultivated to catchment area, (C/CA), required to 
ensure sufficient harvested water, was less than the actual ratio used in the experimental 
design. For the size 2 plots this was only true for the T1 treatments. Consequently for the 
majority of plot sizes and treatments, the results showed that a smaller catchment area is 
capable of providing sufficient harvested water to meet crop growth requirements. The 
experimental ratio was based on a typical yearly design rainfall for the region having either 
a 50% or 67% probability of occurrence. Results also indicated that using stones and crop 
residue as mulch on the soil surface in the cultivated area was effective in decreasing the 
evaporation rate. S3 was more efficient than S2 as it stored more water due to the higher 
infiltration rate (12.4 cm/hr) when compared to S2 (4.1 cm/hr). 
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io         is the observed values 
o               is the mean of the observed values 
p   is the percentage of total daytime hours for the used period 
bp   is the barometric pressure (mm) 
ap   is the atmospheric pressure ( kPa). 
rP   is the rainfall intensity  (
1mms ) 
Pt   is the saturated vapour pressure density (g/cm3) 
P   is the rainfall (mm) 
oP              is the probability of occurrence 
ip   is the predicted values 
1Q         is the long wave radiation from the water body (J cm
-2 day-1) 
SQ                 is the short wave radiation (J cm
-2 day-1) 
R   is the runoff (mm) from catchment to cultivated area 
r    is a coefficient relating to vegetation cover (= 0.25 for a short grassed  
surface). 
ir   is the internal radius of the core (cm) 
ar   is the diffusion resistance of air layer (sec/m) 
cr   is the crop canopy resistance (sec/m) 
cR   is the runoff coefficient  
rR   is the runoff rate (mm/hour) 
Rn   is the net radiation (J cm-2 day-1 ) 
RE        is the runoff efficiency 
RS   is the runoff storage efficiency 
RSI   is the relative sensitivity index 
sR   is the total solar radiation (J cm
-2 day-1  ) 
Rw   is the runoff rate per unit width (m2/s-1) 
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S                   is the potential maximum retention in catchment area (mm) 
dS                 is the standard deviation. 
SE                 is the system efficiency 
pS   is the sorptivity (cm/hr
1/2) 
aT         is the air temperature (ºC). 
dT   is the dew point temperature (ºC). 
wT   is the average of water surface temperature (°C) 
t                is the time (days) since last wetting 
2t   is the time interval in minutes 
T              is the return period 
u        is the wind velocity (m/s). 
2u   is the wind speed at 2 m height 
)(uf   is the wind function 
V   is the volume of the core (cm³)  
Vd   is the vapour pressure deficit (kPa) 
W   is the change in storage (mm) 
1X   is the tested value of the parameter. 
OX   is the initial value of the parameter. 
1Y   is the corresponding output. 
OY   is the corresponding initial value of the parameter. 
wz   is the height of wind measurements (m) 
qz   is the height of humidity measurements (m) 
omz    is the momentum roughness length( m) 
owz    is the vapour roughness length(m) 
   is the rainfall threshold (L). 
i              is the  initial abstraction parameter 
                 is the slope of the saturation vapour pressure curve with respect                    
to  temperature (mb/ºC). 
          is the hydrometric constant (= 0.65 mb/ºC). 
w         is the density of water (kg/m
3) 
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a   is the density of air (kg/m
3) 
          is the latent heat of vaporization of water (2.5x106J/kg). 
        is Stefan Bolzman‟s constant (= 5.7*10-8 W/(m2 grad4)). 
   is the temperature and attitude-dependent weighting factor 
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1 Introduction 
1.1 Summary 
This chapter introduces the research thesis, by raising the issue of water shortages 
at a global, regional and even country level. Concentrating on the water shortage 
situation in Jordan, water harvesting is presented as a suitable solution in 
combination with hydrological modelling as a process to optimize all important 
parameters linked to the water harvesting system. This chapter also presents the 
hypothesis, objectives, and organization of the research. 
 
1.2 Rationale 
No one denies that the current global water shortage is a serious problem which 
needs urgent action. This problem cannot be sorted out by individual initiatives only, 
but needs comprehensive cooperation through a global strategy based on a deep 
understanding of the nature of this crisis, along with a consideration of its 
environmental, economical and political sides. Moreover, conflicts that may occur as 
a result of a water crisis could be avoided through establishing a work plan for 
effective water management, and to start developing additional new sources in order 
to face the challenge of water shortage sequences that could affect the domestic, 
industrial and agriculture demands. 
 
1.3 Water as a blood of life 
Water is a critical element for existence, without which nothing could survive. It plays 
a principal role in all aspects of life; such as agricultural food production, 
environment, economics and politics. Generally, water is important for the 
development and stability of societies, thus it must be considered as a key factor in 
achieving both economic and environmental goals. Adequate supplies of water 
should be developed to secure a sustainable life (Hatibu and Mahoo, 1999). 
 
Water has significant position and a central place in the practices and beliefs of the 
main religions of the world (Martino, 2003), thus any water shortage will affect the 
stability and development of these societies. 
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All current available evidence indicates that the world is moving towards a water 
crisis particularly countries which are situated in West Asia, the Middle East and 
North Africa, where there is a serious shortage of good quality water. Critchley and 
Siegert (1991) indicated that as more marginal areas are being used; it is the 
availability of water rather than land that will be the main restriction on agricultural 
development in countries such as Jordan, Morocco, Tunisia, and Lebanon. It is very 
important to find any available source of water which can be used for agricultural and 
industrial activities which are linked to economical production. In those countries the 
availability of water is expected to be constant while an increasing demand for water 
will continue into the future. 
 
In regions such as Middle East (Oron, 2003), there is a clear gap between water 
supply and water demand as a result of low levels of precipitation and a lack of 
natural water resources. Many factors are responsible for this water gap; but the 
primary responsibility lies with agricultural consumption and industrial development. It 
was found that improvement in the standard of living, over pumping of groundwater, 
reduced precipitation and deterioration in quality and supply of groundwater are all 
contributing significantly to the generation of this gap. 
 
A shortage of water is not new to the Middle East, Mediterranean or countries 
Worldwide, what is new; however is the very challenging long term problem of 
managing this scarce resource in the context of climate change and increasing 
populations.  
 
1.4 The situation in Jordan  
Jordan is facing a future of severe water scarcity. This problem was first realized in 
the early 1970s and is expected to continue in the future. Assessments of water 
demand show that it has already exceeded the capacity of available water resources. 
Many reasons stand behind this situation; Jordan has a limited water resource and 
most of its surface and groundwater resources are shared with neighbouring 
countries. The population of Jordan is increasing steadily at high rate of 3.5% (Jaber 
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and Mohsen, 2001) and this means there is an increase in water demand not only for 
domestic use but also for industry and agriculture as a part of development process. 
Moreover, Jordan is located in an arid and semi-arid region and it is the driest 
country in the world (IFAD, 2007). 
 
The shortage of water is really only one of the water management problems in 
Jordan which include depletion of non-renewable water resources and degradation of 
water quality due to increasing salinity. Managing water resources has become a 
very serious problem as surface water and groundwater are not sufficient to meet the 
demand of population and other sectors. Water harvesting is now strongly adopted in 
many regions as one of the water management options to overcome the water 
shortage problems.  
 
 The first step is to maximize the benefits from the available amount of water and to 
use it more efficiently, (Taha, 2006). A comprehensive strategy must be decided on 
which controls water uses through social, economic and technical measures to reach 
equilibrium between the limited available water resources and demand (Abdel khaliq 
and Dziegielewski, 2006). Many integrated actions are needed to ensure water 
availability and sustainability; alternative water resources such as desalinated 
brackish sea, treated waste water and water harvesting are very important options 
(Jaber and Mohsen, 2001) that require consideration. However, for the purpose of 
this thesis, concentrating on the role of water harvesting as a conservation measure 
is of high priority. 
 
1.5 Water harvesting in Jordan 
Water harvesting has a significant effect on reducing the water shortage problem as 
it can help supplement potable water resources in Jordan (Abdelkhaleq and Ahmed, 
2007). It can also be realized at both the large and small scales in securing more 
water for direct and indirect use. Traditionally, a certain type of water harvesting was 
used a long time ago in Jordan. Roof runoff collection systems were used to provide 
low-cost water for drinking and house hold uses. Runoff is also channelled into 
underground cisterns from many catchments, which become a source of drinking 
water for people and animals in many dry lands. Hafirs, which are earthen surface 
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ponds are also used to water livestock (Oweis, 2006). All these systems are simple 
and easy to install and sustainable, pools and small soil dams were also used for 
agricultural purposes. 
 
More recently as the pressures of water shortages were felt across all sectors in 
Jordan, further research has been undertaken into developing methods of improving 
water harvesting techniques. Nowadays many projects and programmes (Jitan, 
2001) of water harvesting have been initiated which aim to ensure better utilization of 
limited water resources and gain more stability in agriculture production. Many 
techniques have been established such as the V shape, diamond, contour ridges, 
circle and semi-circle techniques (Dryland Agrobio, 2000). Modelling could lead to a 
valuable contribution especially in designing water harvesting systems. 
 
1.6 Modelling and Hydrological problems 
Modelling is a very important process for understanding hydrological systems. A wide 
range of hydrological problems could be solved by mathematical models such as 
designing reservoirs and dams, operating flow forecasting and reservoir control, 
managing land-use changes, and climate changes. Also point/nonpoint pollution and 
groundwater recharge models that assess the impact of global changes on water 
balance or integrating water resources management demand could be included.  
Therefore integrated models are popular for giving a better understanding of the 
complexity of the hydrological system. 
 
Models and modelling can help to achieve interdisciplinary analysis of natural 
resource management issues; that means more branches of knowledge could be 
included such as the combination of natural science models like hydrological models 
with economic models. There are wide ranges off model types; every type has some 
parameters that cover a certain range of hydrology issues. A water balance model is 
one of these types. The modelling mainly concentrates on the most important 
physical processes and uses mathematical expressions to represent them; it 
depends also on understanding of physical processes, the data available and the 
purpose chosen.  
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Many hydrological models have been developed based on a water balance 
approach. These models have been widely used to simulate regional water balances 
and also to study the hydrologic effect of climatic change (Alemaw, and Chaoka, 
2002). 
A water balance relation for a hydrologic unit is given by general equation 
Storagein  Change Output  -Input 
                                                                (1.1) 
 
Precipitation and evaporation are the main input and output components which 
depend on climate, whereas other components such as infiltration and runoff depend 
on a catchment‟s characteristic such as topography, slope, roughness, and 
vegetation cover. These components are the main elements of any water harvesting 
system. 
 
There are two types of water balance models: models based on simple procedures 
which require less information on soil and vegetation parameters and dynamic 
simulation models based on the physics of unsaturated flow in soils which require soil 
moisture storage measurements and transmission characteristics, those two types 
reflect in fact lumped or empirical models and physically based models. (Kumar, et 
al., 2002) 
 
1.7 Hypothesis 
This thesis addresses the hypothesis that micro-catchment water harvesting systems 
are an effective water conservation tool in semi-arid regions; and that this system can 
lead an increase in stored subsurface water availability and therefore greater crop 
survival and productivity. Secondly, water balance models are a simple but effective 
means of evaluating their performance. 
 
1.8 Objectives  
Based on the above hypothesis this thesis has the following objectives  
1. Develop a simple water balance model to apply to semi-arid regions where 
there is very limited, sparse and unreliable data. 
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2. Evaluate the performance of a micro-catchment water harvesting model 
through comparison with extensive field data.  
3. Examine the effect of the ratio of runoff to run-on areas on the amount of 
water harvested. 
4. Assess the performance of the system through determination of runoff 
efficiencies. 
5. Evaluate the water demand of the salsola crop against the micro-catchment 
performance. 
 
1.9 Organization of Thesis 
This thesis is organized in 6 chapters as discussed below: 
Chapter 1: The chapter presents the water shortage problem at different levels and 
introduces water harvesting and modelling as a suitable solution for this problem in 
the form of hypotheses and objectives. 
 
Chapter 2: This chapter reviews the background literature on water harvesting 
systems and previous research carried out on such systems. A detailed description 
of the study of interest in Jordan is also given, along with a discussion of water 
availability problems in Jordan. 
 
Chapter 3: This chapter describes the case study site, along with the particular water 
harvesting system, data collection and meteorological data. 
 
Chapter 4: The chapter presents the experimental results, develops the water 
balance model and evaluates its performance against the experimental data. 
 
 Chapter 5: This chapter reviews the summary of thesis and conclusion obtained 
from this research for future research.  
 
Appendix: Appendices contain the case study data and computer codes used in the 
analysis.  
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2 Background and literature view 
2.1 Summary 
This chapter reviews the relevant background literature concerning water resource 
management in an arid climate, environmental issues and the factors that may 
contribute to a water crisis. It describes the water problem in Jordan: clarifying the 
environmental side and giving a clear picture about the water situation; resources, 
demands, supplies, and factors linked to the water crisis. It presents water harvesting 
as one of the potential important solutions, the history of water harvesting, and its 
types concentrating on the micro-catchments. This chapter discusses also the 
importance of modelling and managing scarce water resources.  
2.2 Environmental issues 
There is a chronic shortage of water in arid and semi-arid zones, and it is difficult to 
secure adequate levels of water to meet all the needs of countries in these areas. 
Ninety-five percent of total area of West Asia and North Africa are dry (Nasr, 1999). 
A Mediterranean climate dominates in these regions; it is characterized by rain and 
cool temperatures in winter, with higher temperatures and dry in the summer. 
Generally these areas receive a low annual amount of rainfall which is erratically 
distributed in both space and time, (Owies and Hachum, 1999). Eighty percent of 
rangelands, which are defined by the Society for Range Management (SRM) as the 
“land on which the native vegetation, predominantly grasses, grass-like plants, forbs, 
or shrubs are suitable for grazing or browsing use”, are located within arid and semi-
arid zones, where the precipitation is generally less than potential evapotranspiration. 
According to the World Research Institute (WRI), rangelands are: extensive tracts of 
arid/semi-arid lands that are essentially unsuited to rainfed cultivation, industrial 
forestry, protected forests or urbanization. Under these conditions as water 
availability is the most crucial environmental factor that controls survival and 
production of plants, it can be concluded that a stressful condition for plants exists in 
these areas (Lane, et al. 1984). In arid and semi-arid regions, there are also periodic 
droughts and there are different types of vegetative covers and soils. It was indicated 
by Stephens and Hess (1999) that variability in rainfall amount and timing during the 
growing season is often the primary determinant of crop yield. Under such condition 
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agricultural harvests are likely to be irregular in the absence of irrigation; 
consequently only light pastoral use is possible. 
 
2.3  Factors contributing to water crisis 
There are many factors which contribute to a water crisis; these can be divided into 
two categories, nature and climate, and man made. 
 
2.3.1 Nature and climate 
According to Pereira et al, (2002), water scarcity may result from a natural permanent 
imbalance in the water availability made up from low average annual precipitation 
with high spatial and temporal variability which leads to a permanent low moisture 
storage. And temporary drought of water availability formed of lower than average 
precipitation resulting in diminished water resources availability and reduced carrying 
capacity of ecosystems. 
 
Aridity is usually expressed as a function of rainfall and temperature, a useful 
representation of aridity is the following climatic aridity index: P/ETP. Dry areas are 
defined as areas where the mean annual ratio of precipitation (P) to potential 
evapotranspiration (ETP) is significantly less than one, or defined as terrestrial areas 
with a ratio of mean annual precipitation to mean annual potential evapotranspiration 
is less than 0.65. For arid areas the ratio P/PET is greater than or equals to 0.05 and 
less than 0.20 and for semi-arid areas the ratio between 0.20 and less than 0.50. 
These areas show a high rate of evapotranspiration and the normal rainfall is not 
sufficient for sustainable agricultural productivity (Prinz, 2001). 
Normally, fertile productive land has the best potential to be used for increasing the 
agricultural production (Hudson, 1987). However as the demand for land rises, more 
and more marginal areas in the world are being used for agriculture. Those marginal 
lands are also considered as a part of the arid and semi-arid areas (Critchley and 
Siegert, 1991). 
 
In these regions, rainfall patterns are generally erratic with rains mostly occurring as 
heavy showers with the majority of the precipitation being lost as runoff or through 
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deep percolation. Changes in climate can have a significant impact on water 
resources management. The effect of climate change and its impact on rainfall cycle 
and water availability is becoming a major concern (Deursen, V., 2000). 
2.3.2  Man induced, Human activities 
2.3.2.1 Desertification and water shortage 
Desertification refers to man-induced land degradation that occurs in arid and semi-
arid regions, through the over-exploitation of natural resources beyond their carrying 
capacity (Katyal and Vlek, 2000). A water crisis may result from desertification 
through a man-induced permanent imbalance in the availability of water or as a 
temporary water imbalance (Pereira et al, 2002).  
 
2.3.2.2 Lack of information and limited water resources 
Reliable and accurate knowledge on the availability of both natural and potential 
water resources and enough understanding on water requirements or demands at 
present and in the future should lead to a reasonable use of water. Better analyses of 
data on surface and underground water resources in terms of quality and quantity will 
be critical for building solid strategies to secure sufficient water to meet present and 
future demands. 
  
2.3.2.3 Population Explosion and the raising standard of living 
The water resources become limited while population is growing in arid and semi-arid 
regions. The population in Mediterranean countries is estimated to be around 400 
million and is expected to be between 550 to 570 million by 2025. The countries in 
the South and East of the Mediterranean is predicted to contribute two-thirds of the 
total population by 2025 (Belahsen and Rguibi, 2006). This high rate of population 
growth will lead to an increase the total amount of water requirements for the region. 
One of the important implications from raising the standard of living through 
increasing per-capita income and improving the quality of life is to that more water is 
required for industry, (Laraus, 2004) agriculture and even tourism. To maintain this 
cycle of growth requires securing sustainable levels of water across all these sectors. 
On the other hand improving technology is a part of improving the standard of living 
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so for example; improved irrigation techniques can save millions of cubic meters of 
water (Soffer, 1997). 
 
2.3.2.4 Inefficient Water Use and pollution 
Any low water efficiency resulting from incorrect agricultural, industrial and domestic 
use will lead to a serious water problem. Consuming the available amount of water in 
an efficient manner and at an economical sustainable level should be the proper aim 
of any sector; resulting in water resources being conserved and protected by 
reducing unreasonable losses (Figure 2.1).  
 
 
Figure 2.1: Average losses of irrigation water at worldwide level (Source FAO 
1994). 
 
Water pollution is a serious problem in developing countries, and is mostly a result of 
human and industrial activities. Some types of contaminants also occur through 
natural processes; for example; inorganic salts are found in most wastewater and in 
nature causing water to become hard. Acids and alkalis make water unsuitable for 
use. Organic matter resulting from untreated sewage can exhaust the Oxygen from 
rivers which not only lead to unpleasant tastes and reduce the ability of the river to 
support life. Industrial wastewater can contribute to water pollution by impurities that 
including organic and non organic chemicals, salts and heavy metals compounds. 
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Water pollution also occurs when rain water runoff from agriculture land carries 
sediment laden with pesticides and fertilizers to surface water bodies. Infiltration 
water also moves excess nutrients, such as nitrogen and phosphorus in to 
groundwater which in turn degrades water quality.  
2.4 Water problem in Jordan 
Jordan is considered as an arid to semi-arid country. According to its variable 
topographic features, the distribution of rainfall also varies considerably with location 
(Figure 2.2). The annual rainfall amount varies from 600 mm in the Northwest to less 
than 200 mm in the eastern and southern desert. Ninety one per cent of the surface 
area is located in the eastern and southern part of Jordan which means that most of 
the country receives less than 200 mm annually. The average total amount of rainfall 
which falls on Jordan is approximately 7200 mcm/year, most of this is usually 
evaporated (85%), while the rest flows in rivers and wadis as a flood or is infiltrated. 
Recharge to groundwater comprises 4% of the total volume of rainfall, while the 
surface water amount is about 11 per cent of the total volume. 
There are four different agro-climatogical zones in Jordan based on the long term 
average rainfall distribution, according to those zones the major rainfed crops are 
distributed (Table 2.1). 
 
Figure 2.2: Precipitation distribution in Jordan (Pastoral Resources Information 
Monitoring and Evaluation Unit (PRIME)). 
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Table 2.1: Agroclimatological zones in Jordan. 
Rainfall Zone (mm) Land area (km²) % of total 
<200 80. 963.37 91.0 
200-300 3. 951.07  4.5 
300-400 1.795 .99 2.0 
>400 2. 234 .94 2.5 
Total 88 .945. 37 100.0 
Source: Agriculture policy analysis in Jordan (A.Taimeh, 1991) 
 
The total area that receives more than 200 mm rainfall is 7 982 km², (Table2.2). This 
area is not totally cultivated, as villages, population centres, eroded and shallow soil 
lands which are not suitable for cultivation are included. Lands with slopes greater 
than 8% are generally used for fruit production rather than for field crops. Land with 
slopes exceeding 25% are mostly used for forestry. (Al-Labadi, 1993). 
Table 2.2: Distribution of rainfed areas according to Agro-climatological zones and 
slope. 
Rainfall 
zone 
0-8% slope 9-25% slope > 25% slope Total 
rainfed 
area 
(km²) 
Total 
area 
(%) Area(km²) Total rainfed (%) Area(km²) 
Total 
rainfed 
(%) 
Area(km²) 
Total 
rainfed 
(%) 
200-
300 
1.302 16.6 1.757 22.1 891 11.1 3.952 4.4 
300 -
400 
591 7.4 799 10.1 405 5.1 1.795 2.0 
>400 736 9.2 884 12.1 504.04 6.3 2.234 2.5 
Total 2.630 32.9 3.551 44.6 1.800 22.5 7.982 8.9 
Agro-climatological zoning in Jordan, (Sunna, et al 1993) 
 
The maximum summer temperature average is 32ºC in the high lands and 38ºC in 
the Jordan valley and the eastern desert while the maximum average temperature in 
winter is 14-17ºC in the high lands and desert, areas and 21ºC in the Jordan valley. 
The minimum winter temperature in the high lands and desert areas is 1-4ºC while it 
is 8ºC in the Jordan valley. Occasionally snow falls on the high lands. The average 
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potential evapotranspiration (PE) varies during the season among the rainfed areas. 
The lowest PE occurs in January, it is less than 50 mm in the Northern part of 
Jordan, while it exceeds 70 mm in the Southern region of the rainfed area. PE in July 
is 225 mm. 
 
In Jordan, there are four bioclimatic regions identified by their temperature and 
rainfall characteristics: Mediterranean, Iran-Turanian, Saharo-Arabian, and Sudanian. 
(Figure 2.3). 
  
Figure 2.3: Bioclimatic regions in Jordan (Wardam, 2006). 
A- Mediterranean region:  covers the highlands of Jordan extending from Irbid in 
the North part to Ras Elnaqab in the South. The rainfall ranges from 300-600 mm. 
This region is considered to be the most fertile part of Jordan  
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B- Irano-Turanian region: this is a narrow variable width strip surrounding most of 
the Mediterranean region, shrubs and bushes are the main vegetative cover. Rainfall 
ranges from 150-300 mm, with the annual minimum temperature ranges from 5 to 
20ºC and the annual maximum temperature ranges from 15 to 25ºC 
C- Saharo-Arabian region: this region forms most of the territory of Jordan 
comprising almost 80% of the total area. The annual rainfall ranges from 50 to 200 
mm and small shrubs are mainly the vegetative cover. 
D- Sudanian region: its altitude is considered as the lowest point on earth (-400 m 
below sea level). Annual rainfall ranges from 50 to 100 mm. The vegetative cover is 
dominated by tropical trees, shrubs and annual herbs. 
2.4.1  Water Resources 
The total amount surface water resources are about 505 MCM/year, it was expected 
to be 693 MCM (Al-Abed, et al, 2005) due to the constructions of four dams on 
Yarmouk River. The Yarmouk river basin is the main source of surface water, holding 
approximately 40 per cent of the annual total which includes water flowing from 
Syrian territories within the Yarmouk basin, the Zarqa River and several wadis that 
run toward the Jordan Rift area from the highlands. Groundwater is the major source 
of water in Jordan, and in the areas of the Yarmouk, Amman-Zarqa, Al-Azraq and 
Dead Sea basins, it is considered as the only water source. The aquifer system of 
Jordan is recharged by annual rainfall, and it can be classified into two categories. 
There are renewable groundwater resources that have been estimated at 275 
MCM/year and non-renewable resources that exist in Disi aquifer in the South with a 
safe yield of 125 MCM/year (Table2.3). Other non-renewable groundwater resources 
are estimated at an annual safe yield of 18 MCM/year. Due to the erratic distribution 
of rainfall from one year to another, potential water supply in Jordan is uncertain and 
the range of fluctuations from one year to another is high.  
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Table 2.3: Available Water Resources in Jordan 
Source Quantity (MCM/Year) 
Renewable Groundwater 275 
Surface Water 505 
Total  Renewable  780 
Non Renewable Groundwater 125 
Total Renewable & Non-renewable Resources 905 
                   MWI, Ministry of Water and Irrigation, Jordan. ( Taha, 2006) 
Treated wastewater is also considered as an important component of water 
resources in Jordan, where it is used for irrigation in the Jordan Valley. It is expected 
to be increased to 220 MCM/year by 2020 which will be an important and significant 
portion of the total irrigation demand. 
2.4.2 How serious is the water problem in Jordan, why does it matter? 
0ne of the biggest challenges facing Jordan is the imbalance between water supply 
and demand while having very limited water resources. Although some restrictions 
have been made on well drilling and the usage of water meters on private wells to 
avoid any more losses of water, Taha, (2006), mentioned that irrigation had the 
highest share of the total water uses (Figure 2.4). 
 
Municipal, 32%
Agriculture, 
62%
Industrial, 4% Pastoral, 1%
 
Figure 2.4: Water uses by sector, % (Taha, 2006) 
Jordan‟s water resources are one of the lowest in the world on a per capita basis 
(Figure 2.5). Available water per capita will decline from 150 m³/year for all uses to 
90 m³/year by 2020. There is a chronic imbalance in Jordan‟s population-water 
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resources equation, with its population about 6 million and a growth rate of 3.5 per 
cent (Figure 2.6). According to this information Jordan has an absolute water 
shortage; one of the negative signs is that current water use already exceeds the 
renewable water supply (Figure 2.7). Although figure 2.7 shows an improved deficit, 
this is may be due to the amount of water that could be secured from treated water. 
Jordan‟s 19 wastewater treatment plants generate more than 80 million cubic meters 
of treated wastewater per year. This volume is significant and will play an important 
role in meeting future demands for water. Recently an agreement has been reached 
with a Turkish company to take water from the Disi aquifer which is to be made 
available mainly for domestic use. The Disi project will secure an additional source of 
drinking water to Amman and thus relieve the upland aquifers from over-use.  
 
 
 
Figure 2.5: Water availability per capita in the Mediterranean countries 
(Source:United Nations Population Division 1994) Pws= periodic water stress Cws 
=chronic water stress Aws= absolute water stress 
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Figure 2.6: Historical and Projected Population in Jordan (Taha,2006) 
 
 
Figure 2.7: Projected supply and deficit in Jordan (1996- 2004) (Taha, 2006) 
 
A water quality problem also exists in Jordan. Problems of both quantity and quality 
are closely interconnected. The major non-point source of many pollutants is 
agricultural runoff, which includes sediment, phosphorous, nitrogen, and other 
chemicals (Libiszewski, 1995). 
 
A political aspect of water availability is that the main sources of water (both surface 
and groundwater) are shared with neighbouring countries (Figure 2.8); for example 
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the Yarmouk and Jordan rivers are shared with Syria, Palestine and Israel, the basalt 
aquifer is shared with Syria and the Disi aquifer is shared with Saudi Arabia. It is 
expected therefore that the future conflicts could increase over control of these 
shared water resources. In the case of the Jordan River basin, the river rises in four 
tributaries; the Yarmouk and Banias in Syria, the Hasbani in Lebanon and the Dan in 
Israel. The basins Hasbani and Dan meet in Northern Israel to form the upper Jordan 
River which flows into Tibrias Lake then to the lower Jordan River, the Yarmouk flows 
in South-westerly direction forming the border between Jordan and Syria then Jordan 
and Israel before flowing into lower Jordan. In the past there have been many 
conflicts over the Jordan river between neighbours, for example there was (i) the 
destruction of the diversion works on the Banias-Yarmouk canal in Syria by the 
Israeli air force in July 1966, (ii) control of three branches of  the Jordan river by 
Isreal after the six days war of 1967, (iii) bombing the East Ghor canal in 1969, 
and(iv) the conflict between Israel and Lebanon over maintaining effective control of 
the remaining Hasbani tributary as well as the strategic Litani river (Wolf, 1995).  
 
Figure 2.8: The sources of the Jordan (Libiszewski 1995, Environment and 
Conflicts Project (ENCOP) 
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2.5 Water Harvesting; the answer of poverty 
Water harvesting, is defined in its broadest sense as the collection of runoff for its 
productive use (Siegert, 1994 ), and is an ancient art practiced in the past in many 
parts of North America, Middle East, North Africa, China, and India. It is relevant to 
areas where the rainfall is reasonably distributed in time, but inadequate to balance 
potential evapotranspiration of crops. It can be defined also as the process of 
concentrating rainfall as runoff from a larger catchment‟s area to be used in a smaller 
target area (Oweis et al, 1999). 
 
Water harvesting is a method for inducing, collecting, storing and conserving local 
surface runoff for agriculture in arid and semi-arid regions (Boers and Ben-Asher, 
1982). Mayers (1975) as quoted by (Boers, 1994) defined water harvesting as the 
collection and storage of any farm water, either runoff or creek flow for irrigation use 
while Shatanawi (1995) defined water harvesting as the collection of runoff for 
productive and useful purposes. 
 
Various forms of rain water harvesting systems (RWS) have been traditionally used 
throughout the centuries. Some of the earliest agriculture in the Middle East was 
based on techniques such as the diversion of “wadi” flow onto agricultural fields. 
Other examples include the Negev desert in Israel where microcatchments were first 
used during the reign of King Solomon between the tenth and sixth centuries B.C. In 
North Yemen, a system dating back to 1000 B.C. was used to divert floodwater to 
irrigate agricultural land while in Saudia Arabia flood irrigation is traditionally used for 
sorghum production (Prinz, 1994). 
 
 The people cleared the hillsides to increase runoff and built rock walls along the 
contours to collect and built ditches to convey the water to lower fields  (Evenari et 
al., 1971). Floodwater farming has been practised in the desert areas of Arizona and 
Northwest Mexico for at least the last 1000 years (Zaunderer and Hutchinson, 1988). 
More recently example a microcatchment techniques for tree growing, used in 
southern Tunisia, were discovered in the nineteenth century by travellers  (Pacey and 
Cullis, 1986).  
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In Pakistan, there were two water harvesting techniques used in ancient times; the 
first one employed bunds which are built across the slope of the land to increase 
infiltration. The second one utilized floods in natural water courses which were 
captured by the bunds. Bunds are simple techniques for water spreading and 
infiltration which follow the contour lines and are made of stones, bundled sticks, crop 
residues or fences of living plants (Prinz, 1994). In India, the “tank”(small to medium 
seized dams made of mud and stones) is traditionally the main system of agricultural 
production in arid and semi-arid areas. In China an old diversion technique called 
“Warping” is found to harvest both water and sediment. Warping systems combine 
water manipulation with increased nutrient efficiency as storm and floodwaters are 
diverted at moments when nutrient and organic matter content of the water are high, 
so making more efficient use of water resources and decreasing soil erosion. 
 
 
A rain water harvesting system has two components: the run-off area (or the 
harvesting area) where run-off is collected and the run-on area where the water is 
concentrated (or flooded) (Frasier, 1995) (Figure 2.9). The ratio of runoff to run-on 
area can range from 1:1 up to 100:1. Surface runoff could be diverted by means of 
simple earth or rock bunds into fields that have been surrounded by ridges and are 
possibly terraced. The proposed system must be adapted to local conditions, and 
locally available resources should be used as much as possible. Rainfall induces 
surface flow on the runoff area, which preferably has a bare, crusted, or smooth 
surface. At the lower end of the slope, runoff water is collected in the basin area. 
From the start of rainfall, some water will be lost by infiltration in the runoff area, and 
partly in shallow depressions. Besides runoff water, the basin also receives direct 
rainfall, some of which is lost by evaporation, while the rest of the rainfall is 
partitioned between infiltration and collection as runoff in the basin area. The major 
portion is stored in the root zone (Boers, 1994). 
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Figure 2.9: Component of the water harvesting system 
 
Harvested rainwater can be used for many purposes (Shatanawi, 1995), of which 
include: 
 Irrigation of crops, pastures and trees 
 Supplementary irrigation of crops 
 Human and livestock consumption 
 Artificial recharge of groundwater 
 Supplying moisture for grazing land. 
 
Water harvesting methods can be classified in different ways. Pacey and Cullis 
(1986) classify rainwater harvesting techniques into three categories as external 
catchment systems, micro-catchments and rooftop runoff collections. Nasr (1999) 
mentioned two types of runoff-farming systems: the first one is the direct water 
application where runoff is stored in the soil while the second one is the supplemental 
water use where runoff water is stored in a reservoir for later use. Critchley and 
Siegert (1991) classified water harvesting into two types: rainwater harvesting and 
floodwater harvesting. Rainwater harvesting can be divided into micro-catchment 
water harvesting which is primarily used for trees and characterized by relatively 
small runoff producing catchments and macro-catchment water harvesting runoff 
farming types which refers to large-scale rainwater harvesting. This may be diversion 
of natural wadi, a stream a gully, or a wadi flowing from a natural catchment . 
Floodwater harvesting can be divided also into within streambed and through 
diversion runoff farming types.  Tables, 2.4 and 2.5 provide a very detailed list of the 
various classification and types of rainwater harvesting techniques covering both 
micro and macro-catchment scales. Clearly there is considerable structure available 
              Catchment 
Cultivated area 
         Runoff 
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for water harvesting methods and while only some of these have been reviewed in 
this chapter, it does cover the main causes involved in developing such techniques 
and their viability. 
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Table 2.4:  Runoff farming water harvesting (RFWH) types (Prinz 1996) 
RFWH 
TYPE 
Kind of 
flow 
Kind of 
surface 
Size of 
catchment 
Catchment 
cropping 
area ratio 
Water 
storage 
type 
Water 
use 
Micro-
catchment 
water 
harvesting 
Sheet 
and rill 
flow 
Treated 
and 
untreated 
ground 
surfaces 
2-1000 m² 1:1-25:1 Soil profile 
(reservoirs, 
cisterns) 
Tree 
plantation 
Macro-
catchment 
water 
harvesting 
Turbulent 
runoff/ 
channel 
flow 
Treated 
and 
untreated 
ground 
surfaces 
1000m²-
200 ha 
10:1-100:1 Soil profile 
(reservoirs, 
cisterns) 
Crop and 
trees 
Flood-
water 
water 
harvesting 
Flood 
water 
flow 
Untreated 
ground 
surfaces 
200 ha-
50km² 
100:1-10 
000:1 
Soil profile Any kind 
of crop 
 
 Table 2.5: Runoff farming water harvesting (RFWH) techniques (Prinz 1996). 
WH Group Rainwater harvesting(RWH) Floodwater harvesting(FWH) 
WH Type Micro-catchment Macro catchment Within streambed 
Through 
diversion 
Techniques 
Contour Bunds Hillside Conduit 
system 
Jessour Type Wild Flooding 
Interrow-WH 
Negarim / Meskat 
Type 
Semi-circular Hoops Liman Terraces Water Dispersion 
Pitting Techniques 
Cultivated 
Reservoirs/Tanks 
Percolation Dams 
Water 
Distribution 
Eyebrow Techniques Stone Dams 
Vallerani Type Liman Terraces 
 
Semi-Circular Bunds 
Jessour Macro-
catchment 
Contour Bench 
Terraces 
 
   Kind of   
Storage 
Soil profile (Ponds) 
Soil profile, Cisterns, 
Ponds, Reservoirs 
Soil profile 
Reservoirs Ponds 
Aquifer 
Recharge 
Very limited Limited Strong Very strong 
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2.5.1  Water harvesting and Productivity: 
Bith (1994) found that soil moisture in the root zone was greater under the micro-
catchment water harvesting system (MCWH) when compared to the original bare 
soil, resulting in increased crop yields from 40-50%. Rainfed agriculture and dry land 
irrigation aided by the MCWH system were found to be environmentally and 
economically sustainable and were more remunerative than the conventional (canal) 
irrigated agriculture. Owies and Taimeh, (1996) evaluated the performance of on 
farm water harvesting system in Jordan under a typical Mediterranean arid 
environment. The overall efficiency (runoff efficiency times runoff storage efficiency, 
refer to chapter 4) of the water harvesting system varied from 88% to as low as 7% 
depending on the combination of the design parameters used. If the small basin is 
properly designed and the soil capacity of the root zone is sufficient, adequate water 
can be provided to support crop water requirements with high efficiency. 
 Prinz et al. (1996) emphasized that the goals of water harvesting are to restore the 
productivity of land that suffers from inadequate rainfall, to increase yields of rainfed 
farming, to minimize the risk in drought prone areas, combat desertification by tree 
cultivation, and supply drinking water for animals. Rodriguez (1996) found that 
comparison between crops within a given water harvesting treatment showed that 
barley was more productive than wheat under traditional practices and that wheat 
was more viable than barley under the 1:1 treatment (half the plot is used for water 
catchment and half was planted. Goyal et al. (1995), in order to impart stability to 
agricultural production on rainfed lands in arid and semi-arid areas, found that farm 
ponds are suitable means to achieve this. Frasier and Renner (1995a) found that 
micro-catchment water harvesting can act as an important technique for sustainable 
agriculture in developing countries if important socioeconomic elements are 
incorporated into its design.  
The farming systems of the community, the financial capabilities of the average 
farmer, the cultural behaviour together with religious beliefs of the people, attitude of 
farmers towards the introduction of new farming methods, the farmers knowledge 
about irrigated agriculture, land tenure and property rights and the role of women and 
minorities in the communities are crucial socioeconomic issues . Prinz (1994) noted 
that in regions with an annual precipitation between 100 to 700 mm, water harvesting 
was used to improve the productivity of grazing arable land. Mohan and Arora (1994) 
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showed that V-shaped micro-catchments with runoff surfaces mulched with grass 
were effective for yield increases up to two and a half times, with better fruit quality. 
Such techniques are suited to degraded rainfed lands as poor plant establishment is 
a problem in arid and semi-arid regions. Contour sowing with water harvesting is 
suggested as possible solution for this problem (Abu-Irmaileh, 1990).  
 
2.5.2 Water harvesting and plant growth: 
In arid and semi-arid zones runoff from small areas such as micro-catchments is an 
important potential source of water for the establishment, development, and growth 
of trees (Boers, 1994).Tabor (1995) found that the light millet (pennisteum glacum) 
and sorghum yields were achieved with micro-catchment water harvesting. He 
showed that it is a promising cropping system for land-poor farmers and/or in areas 
where conventional practices result in relatively low yields. Tenbergen, et al. (1995) 
found out that micro-catchments, situated on the lower slopes, collect surface runoff 
and store sufficient water to support tree growth. Gupta, (1993) conducted a field 
experiment to study the effect of different water harvesting techniques on the 
establishment of neem (Azadirachta inndica). He found that the best growth was in 
the 20% slope treatment followed by the weed clearing treatments. Moisture 
conservation (compared with the control) was best in water conservation structures 
(bunding) in a checker board design treatment. Folliot, (1988) concluded that 
percentage of survival and growth of tree seedlings of some species will be 
increased if planted in a water harvesting system. Skeikh, (1988) found that most 
species that he used in his research grew to a height of > 4 m by the end of 6 years 
from the starting point under water harvesting treatment (slope with or without 
trenches, and trenches alone). 
Microcatchment water harvesting which collects runoff from short slopes is especially 
useful in arid and semi-arid regions where irrigation water is not available or costly ( 
Boers et al. 1986 ; National Academy Sciences, 1974). The major advantages of 
microcatchment water harvesting are that it is simple, cheap, replicable, efficient and 
adaptable ( Rreiz et al. 1988). Microcatchment water harvesting can improve soil 
moisture storage, prolong the period of moisture availability, and enhance growth of 
agricultural, horticultural and forest crops (Evenari et al.1968;Sharma, et al. 1982;El-
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Amami,1983; Gopta, et al. 1999; Urkurkar, et al. 1985; Boers, et al. 1986; Critchley, 
1987; Reiz, et al. 1988; Carter and Miller, 1995; Li, 2000; Li, et al. 200c) 
As given in Table (2.4) micro-catchment water harvesting is a small water catchment. 
Its area could be as small as hundred square meters, consisting of runoff area with a 
maximum flow distance of 100 m and an adjacent basin area with a tree, bush, or 
row crop. There are wide ranges of micro-catchment water harvesting types as 
shown in Figures (2.10) and (2.11). These vary between countries according to their 
circumstances and climate conditions. In Jordan Negarim, contour ridges, circle and 
semicircle bunds are mostly used. 
 
Figure 2.10:    Micro-catchments classification (Prinz, 1996) CA = catchment size 
(m²) PREC = precipitation CR = cropping area (m²) CCR = catchment cropping ratio 
SL = Slope 
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Negarim micro-catchments are diamond-shaped basins surrounded by small earth 
bunds with an infiltration pit in the lowest corner of each basin (Figure 2.12). Runoff is 
collected from within the basin and stored in the infiltration pit (Critchley and Siegert 
1991).  These forms of micro-catchments are mainly used for growing trees or 
bushes in arid and semi-arid areas where the annual rainfall may be as low as 150 
mm. The soil should be at least 1.5 to 2 m in depth to ensure adequate root 
development and storage of water with slopes ranging from flat up to 5 % (Table 2.6).  
The size of this system ranges from 10m² to 100m² depending on the variety of trees 
to be planted. Also this system can conserve soil; instead of runoff left to cause 
erosion, it is harvested and utilized in the area of interest. It is neat, precise and easy 
to construct, it is sometimes also described as a soil and water conservation 
technique or on in-situ water harvesting technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11:    Micro-catchments classification (Prinz, 1996). CA = catchment size 
(m²), PREC = precipitation, CR = cropping area (m²) CCR = catchment cropping 
ratio, SL = Slope. 
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Figure 2.12:   Negarim Micro-catchments (Critchley & Siegert 1991) 
 
Table 2.6:       Main information about Negarim technique (Klaus, 1994) 
classification Main 
use 
description Where appropriate limitations 
Micro-catchment 
Technique (Short 
slope catchment) 
Trees 
and 
grass 
Closed grid of diamond 
shapes or open-ended 
“V”s formed by small 
earth ridges, with 
infiltration pits 
For tree planting in 
situations where land 
is uneven or only few 
trees are planted 
Not easy mechanized 
when management 
process is needed, 
therefore limited to small 
scale, not easy to 
cultivate between tree 
lines 
 
Contour ridges, sometimes also known as contour furrows or micro-watersheds are 
mainly used for crop production. Ridges follow the contour at a spacing of usually 1 
to 2 meters. Runoff is collected from the uncultivated strip between ridges and stored 
in a furrow just above the ridges. Crops are planted on both sides of the furrow. The 
system can be constructed by hand or machine (Critchley and Siegert, 1991). 
Contour ridges can be used for all soils which are suitable for agriculture with slopes 
ranges from flat to 5.0%. They are designed for areas with relatively high rainfall, as 
the amount of harvested runoff is comparatively small due to the small catchment 
area. 
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Semi-circular bunds (Figure 2.10) are earth embankments in the shape of a semi-
circle with the tips of the bunds on the contour. It is used mainly for rangeland 
rehabilitation or fodder production and can be used for growing trees and shrubs. 
This system is very easy and efficient for semi-arid areas. It is recommended for 
areas receiving 200-750 mm and slopes below 2%. Pitting (Figure 2.10) refers to 
small semi-circular pits dug to break the crusted soil surface. In West Africa where 
they are called „Zay‟, the pits are about 30 cm in diameter and 20 cm deep. Seeds 
are planted in the middle of the pits. The same system is called Katumani pitting in 
Kenya.The meskat microcatchments system consists of an impluvium called meskat 
of about 500 m2 in size and „amanka‟ or cropping area of about 250 m2  thus, the 
CCR is 2:1. Both are surrounded by 20 cm high bund, equipped with spill ways to let 
runoff flow into the manka plots. This system can provide the fruit tree plantation with 
about 2,000 m2 extra water during the rainy season. 
 
For a micro-catchment system to be successful, certain physical and technical design 
characteristics must be considered. In many water harvesting systems, the runoff 
collected during rainfall events must fulfil the needs of the crop during the growing 
period of dry sunny weather. The catchment area must have a smooth soil surface 
with sufficient slope to generate runoff during precipitation events. The soils of the 
filtration basin must have a sufficient depth with texture and structure suitable for 
infiltrating, retaining and storing the runoff water. If the physical system is poorly 
designed and managed, soil erosion, flooding, and insufficient water to meet the 
needs of the crop, will occur. Frasier (1984) as quoted by Frasier (1995) commented 
that there are no universal water harvesting techniques because each location has 
unique conditions that influence the design of the optimum system. Some important 
physical and technical design characteristics for consideration are as follows: 
precipitation, soils, runoff, catchment area ratios, runoff efficiency, agronomic 
features; and plant species (Frasier and Ranner, 1995b).  
 
Achour et al, (1994) evaluated soil moisture under micro watersheds following 
various soil treatments. They found that compaction with salt, removal of vegetation, 
and only compaction treatment of catchment area; increased soil moisture by 8%, 
6%, and 4% respectively when compared to the control. The applied NaCl caused 
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soil dispersion, resulting in the plugging and sealing of the surface pores by the finer 
soil particles. Lal, (1994) found that soil compaction of the runoff area is useful for 
water harvesting for subsequent use in supplemental irrigation. The amount of 
harvested water is affected by the land gradient as well as the slope length. Shah, 
(1992) found that a 4-meter slope length with a 7% gradient is the most economic 
water harvesting system that increases runoff in terms of construction costs. Gupta, 
(1994) showed that inter-row slopes of 20% treatment produced the highest amount 
of soil moisture storage. Shatanawi and abu Awwad, (1994) found that for one of the 
representative rainfall events, (a storm), the percentage of effective rainfall measured 
as surface runoff at the three experimental sizes of 6.0, 0.5 and 0.6 km² with slopes 
of 1.13%, 2.72% and 2.96% (in micro-catchments selected within the 72 km² 
Muwaqqar catchment) was 31%, 49% and 38% respectively. 
 
The bulk density, surface sealing, surface storage and orientation of surface storage 
are important in runoff production. Water harvesting techniques on sandy loam soils 
would be more effective when the surface is compacted and when surface storage 
capacity is reduced to a minimum (Edwards et al. 1994). While the maximum storage 
capacity was often observed in circular pond catchments, water harvesting schemes 
were easier to construct in square or rectangular shapes. The best location for ponds 
is in the middle of cultivated field. Construction materials such as bentonite, bitumen, 
soil and cement mixture, stones or bricks in cement mortar asphalt compounds, and 
polythenes and rubber sheets are recommended for coarse textured soils (Radder et 
al., 1995).  
Soil texture refers to soil‟s composition in terms of mineral particles, it can be 
categorized into three main groups, and they are as follows: 
 
 where sand is the dominant fraction - coarse textural sandy soils 
 when silt is the dominant fraction - a medium textured silty soils. 
 when clay is the dominant fraction - a fine textured clay soils. 
 
Coarse textured soils have a lower moisture holding capacity due to their ability to 
drain excess water faster than fine textured soils which have higher moisture holding 
capacity. Loamy soils are the best for water harvesting and plant growth; as they 
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have a higher nutrient level and support greater biological activity (Critchley and 
Siegert, 1991).  
 
Soil structure refers to the grouping of soil particles into aggregates and the 
arrangement of these aggregates. Many soil processes are affected by soil structure 
such as water movement in and through the soil during infiltration, drainage and 
leaching, aeration, and soil resistance to erosion, compaction and crusting. Soil 
structure influences partly water infiltration; the more compact the soil the slower the 
infiltration, so one of the sequences resulted from structure destruction or 
modification is water losses by evaporation and possibly runoff. A proper diagnosis 
and management of soil structure will lead to high performance agriculture because it 
is the only way to improve water availability and infiltration, soil texture cannot be 
modified. A suitable catchment for water harvesting depends strongly on its soil 
structure which influences the rainfall-runoff process. 
 
Soil mulching is the process of incorporating materials such as crop residues, gravels 
into the soil. Surface mulch reduces the evaporation from the soil surface by breaking 
the continuity of water films between the soil water and the atmosphere (Devenport 
and Hagan, 2007). Organic mulch such as straw can inhibit evaporation and also 
help to control weed and lower the soil temperature. Using stones as mulch 
increases the amount of available moisture; it reduces the crust formation and 
evaporation losses of water from wind and sun which lead to an increase in 
infiltration capacity. Stone cover may have both positive and negative impact on 
infiltration rate (Brakensiek and Rawls, 1994). Stone fragments at the soil surface 
intercept rain- water and reduce the surface area available for infiltration (Abrahams 
and Parsons, 1991), on the other hand, stones will protect the surface from rain 
splash and crust, with a tendency to increase infiltration rate( Posen and Bunte, 
1996).  Microcatchment rainwater harvesting combined with mulches in the infiltration 
basin was found to be effective on tree growth and crop production (Ojasvi et al., 
1999; Li et al., 2000; Li et al., 2001; Gupta, 1995; Gupta et al., 1999). Li et al.( 2001) 
Reported that mulches in the infiltration basin increased the effectiveness of the 
harvested water by 8-25%. 
 
Chapter 2  Background and Literature Review 
Soil water conservation and water balance model for Micro-catchment water harvesting system 32 
 
Soil crust is the formation of hard thin layers at the soil surface especially in the soils 
of arid and semi-arid regions (Abu-Awwad, and Shatanawi, 1997). It is caused by the 
destruction of soil surface aggregates through raindrop impact resulting in fine 
particles leaching and depositing in the underlying pores. Also the forming of thin film 
by compaction of the soil surface restricts the entry of water into soil profile.  
 
Micro-catchments have several economic and physical advantages over other water 
harvesting systems. They are economic for small farmers because they require no 
capital output and only labour requirements. The recovery of peripheral land is one of 
the principal advantages of micro-catchment techniques in areas where the cultivable 
lands are a limiting factor to production. Generally, water harvesting supports rural 
forests by increasing the survival rate of trees and bushes and improving growth of 
forest and grazed trees.  
 
 
2.6 Water Harvesting in Jordan  
Centuries ago people relied on rainwater collected from surfaces and stored in 
cisterns to be available for different uses. Nowadays water harvesting has become a 
serious alternative for increasing the potable water sources in Jordan. It could be 
considered as a part of the development of a sustainable water supply which is the 
major challenge facing Jordan today. Old systems can be combined with new ones to 
meet the increase of water demands and the shortage of current and even future 
water supplies. 
2.6.1  History of Water Harvesting in Jordan 
There is  evidence to prove that water harvesting has been in use for a very long time 
in Jordan, though traditionally it wasn‟t restricted to arid areas but was also used in 
sub humid areas. The first water harvesting system in history was built in the Middle 
East and North Africa region. Signs of early water harvesting systems that date back 
900 years have been found in the Edom Mountains in Southern of Jordan (Nasr 
1999). The waters of seasonal streams or (wadis) have long been used in water 
harvesting systems- in fact the 6000 year old city of Jawa employed such a system 
for its water supply (Water lines 2003). Flood waters from Wadis were diverted and 
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rooted through channels to flat areas where it can be spread for agricultural use. 
Water harvesting systems can be found in many locations in Jordan (Abdelkhaleq 
and Ahmed 2007), from early structures such as pools to Hafirs and cisterns (Figure 
2.13).  In the ancient city of Petra rainwater is harvested from the surrounding 
mountains and delivered through surface channels to huge cisterns where water 
could be stored during winter time to be used later for domestic purposes. Generally 
in arid and marginal areas deep cisterns and large pools were used for drinking and 
animal needs.  
 
Figure 2.13: Water harvesting by Cisterns in Jordan. 
2.6.2  Development of Research activities linked to water harvesting in 
Jordan  
In more recent times since 1964, different water harvesting techniques such as earth 
dams have become more widely used to direct the runoff for pasture improvement 
(Al-Labadi 1993). This involved many types of water harvesting systems such as 
contour stone bunds, rock dams, and earth contour bunds (Figure 2.14). To increase 
soil moisture around steep lands”Jordan Highland Development Project” was initiated 
in 1972, (Shatanawi, 1995). 
     
Figure 2.14: Types of water harvesting techniques used in Jordan 
 
Many projects have been established in the last few years to maximize the utilization 
of limited water resources in order to improve agricultural production. There is the 
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Balama research project carried out at Wadi Al-Ddulyl between 1985 and 1987 which 
used different water harvesting techniques such as contour terrace and ridges mainly 
for pasture. The project results showed that a large amount of water can be 
harvested and stored in the soil profile by using simple micro-water harvesting 
systems, also soil erosion was reduced and a good fertile soil was maintained with a 
relatively high organic content. The Jordan Arid Zone Productivity Project which was 
carried out in cooperation between the Faculty of Agriculture, University of Jordan 
and European community aimed to contribute to the improved use and protection of 
the marginal Badia area that receive 100-200 mm rainfall annually. It is also aimed to 
expand knowledge about different water harvesting systems such as contour ridges, 
circle and semi-circle and diamond shapes and to provide basic data and knowledge 
on the integrated system for farming and rangelands management in balance with 
the available resources. This was done within the limits of socio-economic and 
environmental conditions that are typical for the Badia lands. As a result, a number of 
promising production systems involving different water harvesting techniques were 
brought to a stage suitable for on-farm testing. These were: Micro-catchments (runoff 
basins) for fruit trees, contour furrows with fodder shrubs, water spreading with gently 
sloping, deep soils adjacent to wadis or stream lines, and small earth dams for 
irrigation of forage and fruit trees. Several MSc research studies were also carried 
out in this project, for example Mdanat (1988) evaluated the water harvesting system 
which consisted of three runoff induced treatments, they were natural bare land, 
polyethylene sheets, and a paraffin wax soil cover for sealing the soil surface. 
Results showed that the runoff efficiency for the polyethylene, wax and natural soil 
treatments were 95%, 55%, and 91% respectively. Alkhaddar (2003), described how 
smaller, simple earth ponds have been contracted at low cost for irrigation, washing 
and for animals in the villages of the Badia, Jordan.  
 The Saklah project which carried out in cooperation between the National Centre for 
Agricultural Research and Technology Transfer and UNDP in a regional project 
(RAB/90/005) aimed to improve rainfall use efficiency through water harvesting and 
supplementary irrigation and to improve also a sustain land productivity in the rainfed 
part of the farm. The area selected covered 500 hectares of the marginal rainfall 
zone where several water harvesting practices were implemented and concrete 
reservoirs were constructed to collect water for supplemental irrigation.  There was 
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also the Zarqa River Basin Project which uses different techniques such as stone 
walls, bench terraces, and gradoni terraces to protect areas that suffer from severe 
erosion. Fruit trees and grazing shrubs were planted there. The aim of this project 
was to implement the appropriate use of the lands so as to prevent the degradation 
processes and erosion of the soils in this area. In addition it aimed to reduce 
sediment load in water feeding King Talal reservoir. The volume of harvested water 
there reached about 150,000 cubic meter/year, which was used for irrigation (olive, 
nuts, and field crops) (UNEP 2001). The Al-Hammad Basin project which is located 
in the North East part of Jordan, used Haffir ponds and earth dams to provide 
harvested water for livestock, and good drinking water for the people living in that 
area. The result of improving the basin was the improvement of about 60,000 km2   of 
pasture; also the total amount of harvested water was about 2.6 millions cubic meters 
(UNEP 2001).  
 
By using sand ditches that run across the land slope between two rows of olive trees, 
both the percentage of rainfall stored in the soil matrix and the infiltration depth of 
water were increased by 28% and 100 cm respectively compared to only 19% and 68 
cm in the control area, soils there are predominantly clay having very low infiltration 
rates (Abu-Zrieg et al. 2000). Full water storage potential of the mahafir water 
harvesting system could be met in most years even assuming rainfall harvesting is 
only 10% effective; mahafir are crescent and rectangle shaped excavations dug into 
surface (Agnew et al. 2004). 
 
In Jordan there have also been investigations into the usefulness of rainfall/runoff 
water harvesting from residential and industrial roofs. Estimates of amounts 
harvested were found to be around  4.3 MCM and  9.5 MCM for the years 2005 and 
2010, respectively (Jaber, and Mohsen, 2001). 
 
 
2.7 Hydrologic Models 
Planning a water harvesting system in most arid regions of the world is often difficult 
because of the lack of long-term meteorological data. A simulation modelling 
approach is an appropriate alternative for the computation of the design variables. In 
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addition, simulation modelling techniques are increasingly being used to take the 
results of field trials and put them in a form which can be directly applicable to 
farmers (Johnes and Thorton, 1993). 
 
Mathematical models in hydrology are useful for the conceptualization of the 
dominant hydrologic processes operating in a catchment. They are often used to test 
hypotheses and gain a better understanding of how a catchment behaves under 
different conditions in the future, Models also represent a means of integrating 
measured data collected spatially and temporally from the catchment and can be 
used to provide estimates for missing data.( Jenkins, et al., 1992 ). Hydrological 
modelling is a powerful technique in the planning and development of an integrated 
approach for the management of water resources (Seth, 1999). 
 
The runoff water that can be collected depends on the characteristics of the 
precipitation and the physical properties of the catchment area. Hydrological models 
that estimate surface runoff can aid the design of efficient water harvesting systems. 
(Bruggeman and Oweis 2001). 
 
In summary then the purposes of a hydrologic model are for 
 understanding of complex physics governing the transformation of rainfall into 
runoff (Dunne, 1978; Freeze, 1980 , quoted by Todini  1996 ) 
 use in the planning, design and operation of projects, to conserve water and 
soil resources and to protect their quality ( Singh 1995a ) 
 managing water resources and their development, ( Wurbs 1998 ) 
 understanding dynamic interactions between climate and the land-surface 
hydrology (Kavas et al.  1998). 
 improving our understanding of field observations and to allow the transfer of 
experimental results to areas without monitoring systems (Bruggman and 
Oweis 2001 ) 
 filling the gap between measured and required data (Droogers and Kite  
2001). 
 overcoming the problem resulting from a limitation of hydrological 
measurement techniques (Beven 2002). 
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The decision to use a certain model is a critical component of any plan linked to 
water resources management. There are no obvious methods that might be decided 
on how to choose the right model as numerous criteria can be adopted for choosing 
the “right” hydrological model for the project requirements and needs. Data 
requirements, model parameters and model structure in representing hydrological 
processes can be considered as selecting factors. 
 
2.7.1   Current Understanding 
 
Generally, hydrological models have been used to expand our knowledge about the 
hydrological cycle or any of its parts; models also tend to concentrate on the 
catchment as the basic hydrologic unit since this object serves as a hydrological 
control volume (Bras, 1990). In addition, evaluation, designing, managing, and 
planning of water resources has become an important issue in the human life, 
particularly in the regions where rainfall is limited (Abdulla et al., 2002). Many aspects 
of water resources have been dealt with through hydrological models by adopting a 
water balance approach. Walker et al   ( 2005) carried out a risk assessment study of 
maize yield by using a crop growth model combined with a deterministic runoff model 
and a stochastic rainfall intensity model. They found that water harvesting increased 
the probability of higher crop yields under semi-arid climatic conditions in South 
Africa. Srivastava (2001) found that for a rice-based cropping system in eastern 
India, a catchment cultivated area of 3.0 (catchment area is three times cultivared 
area) and tank size of 1750 m³/ ha cultivated area is required to obtain a desirable 
moisture regime suitable  for a rice harvest and then  two further irrigations for the 
next crop. This was through a simulation model developed to determine the optimum 
catchment/ cultivated area ratio and size of tank for maximizing the water harvested.  
An area water balance model (AWBM) has a good capability for estimating the 
annual runoff in a small scale catchment. The use of AWBM can be recommended 
for the calculation of a micro-catchment area/or size and dimension in arid and semi-
arid region (Tahmasbi and Sharifi 2001). A simple water balance modelling approach 
has also been applied to seven catchments in China for assessing the available 
water resources (Chong, YU. XU. 1997). Six catchments were chosen from the 
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humid region in Southern China and one catchment from the semi-arid and semi-
humid regions in Northern China. The results were satisfactory, it is suggested that 
the proposed modelling approach provides a valuable tool for water resources 
planners. Based on the experiment on rainfall harvesting and the field investigation, 
the microcatchment rainwater- harvesting model for an ecosystem construction is 
proposed (Chinese Academy 2004). 
Audu (2006) applied the EUROSEM model to partition rainfall into overland flow and 
infiltrated water. Runoff predicted by EUROSEM was then regressed against daily 
rainfall to obtain a linear regression model for predicting runoff from daily rainfall. The 
linear model was compared to the curve number runoff model with estimates by both 
models being similar. The linear model was then combined with a water balance 
model (BALANCE) and applied to a micro catchment water harvesting system. 
Results indicated that augmenting rainfall through runoff, water harvesting could 
provide enough water to sustain growth and ensure rapid establishment of neem tree 
seedlings. A microcatchment size of 12m² (basin area-runoff area ratio 1:2) was 
predicted by the model to sustain year round survival of the tree and allowed 
minimum drainage (Audu 2006). A web based- GIS- hydrologic modelling system has 
also been used to select the most suitable and practical location for water harvesting 
reservoirs (Zhai et al. 2004). The Australian Centre for International Agriculture 
Research, ACIAR (2005) developed a conceptual model for the hydrology of small 
watersheds to assess their suitability for development of water harvesting measures. 
Gafurov, et al. (2006) demonstrated the potential of using water balance modelling 
with globally available data to improve predictions for ungauged conditions. 
AbuAshour (2000) presented a simplified GIS-based hydrological model which was 
used to generate runoff records for the Wadi Rajil watershed, an un-gauged arid 
catchment in Jordan, to help develop a successful water harvesting scheme. 
 Owies and Taimeh (1996) evaluated the storage efficiency for a microcatchment 
water harvesting system in Jordan by monitoring the water balance in the crop root 
zone. The overall efficiency was determined as the ratio of the amount of water 
stored and used by the crop, to the amount of rainfall received in the catchment area. 
A simple simulation model for the design of microcatchment water harvesting system 
for rainfed vineyard was described. The microcatchment area according to the 
amount of annual rainfall with 90% probability of occurrence was estimated to be 
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21m², the area decreased with lower probability of occurrence. However smaller 
microcatchment areas can be more appropriate, and for a grape plantation, the best 
microcatchment area is 9m² ( Sepaskhah and Foladmand  2004). Sanchez-cohen, et 
al. (1997) describe a simple simulation model for a water harvesting-strip farming 
system which has only few parameters. The model is simple to operate and has 
readily available input data. The agreement between simulation outputs and field- 
data indicates that the model accurately describes the water balance within the 
system. The model is therefore regarded as suitable for obtaining a preliminary 
design of water harvesting systems. A physically based distributed model (waSim) by 
Schulla and Jasper (2001) has been developed for the upper Jordan catchment that 
accounts both for the entire terrestrial water balance and in particular for the 
groundwater-surface interaction. It is shown that the model is able to describe the 
observed river discharge satisfactorily (Kunstmann, et al., 2006). Daily water balance 
simulations in rainfed ricelands was used to estimate the probable supplemental 
irrigation requirement for the reproductive stage of rice, which was in addition to the 
harvested surface runoff (Panigrahi et al., 2001).  
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2.8 Water balance approach 
Reliable predictions of system behaviour depend on the ability to develop models 
that accurately represent field conditions based on collected data. There is a wide 
range of data that can be used to improve our understanding of hydrologic process 
ranging from direct estimating of hydrologic parameters to indirect information from 
geologic maps. With limited data, the problem of models identification, model choice, 
and confidence in results is generally constrained. As additional data types are 
considered, however, the intersection between viable sets of models becomes 
smaller and estimates of parameters and rates of processes in the field improved. 
Virtually anything can be simulated, but whether it bears any relationship to reality is 
dependent on the availability of data for development and testing. Coping with limited 
or very scarce available data is prerequisite to making better predictions in managed 
basins. Hydrological modelling of catchments is dependent on the availability data 
sets, the lack of data often presents problems for accurate modelling and in turn, 
sustainable management of the water resources of these catchments. 
 
A water balance approach is a simple mass balance law that takes account of all 
sources and sinks of water that effect soil and surface water storage. This approach 
uses minimum input requirements and parameters while still retaining reasonable 
predictive accuracy. In the case of simple rainwater harvesting system when runoff is 
collected for storage within a land element, the water balance relation for the 
cultivated area can be expressed as follows (Boers, 1994) 
 
DEEERPW actwe  , (2. 1) 
where 
W  = change in storage (mm) 
P  = rainfall (mm) 
R  = runoff (mm) from catchment to cultivated area 
eE  = evaporation of water intercepted by the leaves (mm) 
wE  = open water evaporation (mm) 
actE  = bare soil evaporation (mm) 
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D  = drainage (mm). 
Under conditions of no plants, eE  = 0 and (2.1) simplifies to   
,DEERPW actw   (2. 2) 
or 
,DEIW act   (2. 3) 
since the infiltrated amount in the cultivated area is given by 
.wERPI   (2. 4) 
As water losses can be expressed as 
,DEL act   (2. 5) 
then we can write our water balance model as  
          
 LIW  .  (2. 6) 
 
There are two important elements of water balance approach that should be 
discussed and clarified, runoff and evaporation. 
 
2.8.1  Runoff: 
Runoff processes are affected by two main factors: 
 Rainfall characteristics such as intensity, depth, distribution over an area and 
distribution over time. 
 Catchment characteristics which are area, shape, topography, soil conditions, 
storage and land use and management  
 
Many approaches have been used to clarify the relationship between runoff and 
rainfall as it is an important for any hydrological modelling of a water harvesting 
process. While daily or monthly measurements of total rainfall are standard and 
straight forward it is far more difficult to determine the resulting runoff.  
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A successful design of the rainwater harvesting system needs as much information 
about runoff behaviour as possible (Senay and Verdin, 2004). Evett and Dutt (1985) 
reported results as the percentage of the annual rainfall that becomes runoff. Shanan 
and Tadmor (1979) warned against the use of annual runoff percentage in the design 
of microcatchment system while Hollik (1982) noted that it suffered from the 
disadvantages that it gave no indication of the relationship between runoff and rainfall 
intensity and duration so that extrapolation to new areas or drought years is difficult. 
In the following sub-sections appropriate methods that can be used to estimate runoff 
are discussed. These are: a runoff coefficient which describes the fraction of rainfall 
accruing as runoff ( Sargaonkar, et al. 2006), a linear regression model (Boers, 
1994), the rational formula( Viessman et al. 1989), Hortonian overland flow when 
rainfall intensity exceeds the infiltration capacity of the non-saturated soil (Walker and 
Zhang, 2002) and the curve number method which partitions daily rainfall between 
infiltration and runoff  (Smith, 1997). 
 
 
2.8.1.1 Runoff Coefficient (RC) 
 The runoff coefficient cR  is defined as the ratio between the depth of runoff ( R  ) and 
the rainfall depth ( P ). It is also called runoff efficiency and can be computed as 
follows  
PRRc  .  (2. 7) 
 
The runoff coefficient is not a constant factor; it is highly influenced by the amount of 
rainfall, its intensity and the initial soil moisture. It also depends on catchment 
properties such as roughness and surface topography. It is clear that the relation 
between runoff and rainfall could be represented by a runoff coefficient (Critchley and 
Siegert, 1991). RC for large catchments should not be used for small ones and RC 
for other locations should be avoided when designing water harvesting for different 
ones. 
 
Runoff coefficients consistently decrease with an increase in a catchment‟s length. 
This is a commonly observed feature which is caused by spatial variability in the 
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infiltration capacity of the soil and microtopography. The longer the plot, the more 
chance the surface runoff has to infiltrate on its way down. Thus it is the travel time of 
the overland flow as well as the soil variability which strongly affects the measured 
runoff volume. 
 
 
2.8.1.2 Linear regression model:  
Boers (1994) has proposed a simple linear regression model which directly relates 
rainfall to runoff depth. This model does not take into account the effect of rainfall 
intensity nor the initial saturation levels of the soil. For separate rain storms, the 
model can be written as:  
0R  for  P0  (2. 8) 
  PRR c  for P , (2. 9) 
where       is the rainfall threshold (L). 
 
While (2.8) and (2.9) are usually applied to separate storms, however when applied 
to daily total rainfall data it is impossible to separate individual storms. 
 
Due to the variation in rainfall-runoff events, the threshold rainfall is not known a- 
priori. It should be noted that a certain amount of rainfall is always required before 
any runoff occurs due to infiltration, interception and depression storage. Threshold 
rainfall depends on the physical characteristics of the area and varies from 
catchment to catchment.  
 
 
The rational formula for estimating peak runoff (Viessman et al., 1989) has become 
widely used as a tool for drainage design, particularly for sizing water conveyance 
structures. It is an empirically developed model with assumptions including uniform 
rainfall with uniform intensity over the entire watershed for duration equal to the time 
of concentration; the rational formula is expressed as (Haan et al, 1982, 1994): 
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APRR rcr                                                                                                           (2.10) 
where 
rR = is the rate of runoff (
13 sm ) 
rP = is the rainfall intensity (
1sm ) 
A = is the area ( 2m ) 
 
 
Horton (1933) visualized overland flow as sheet flow derived from the entire basin. 
Interception, detention, and such hydraulic complications as interflow and protruding 
vegetation are neglected or incorporated in the rI  coefficient. 
Hotonian runoff equation is expressed as follows: 
 
  coserrw LIPR                                                    (2.11) 
where 
wR = runoff rate per unit width (m
2 s-1) 
rI =is the infiltration rate  
eL = is the length of the flow plane 
 =is the arctan of the plane slope, so, in most problems, cos is 1.0 
Hortonian runoff appropriately describes overland flow from plane surfaces, either 
impervious or of slight and uniform permeability (Chow et al., 1988). 
 
In FAO (1993), the surface runoff of a storm with varying rainfall rate can be 
calculated by the following equation, which is evaluated for each individual time 
segment during which excess rainfall occurred taking into consideration not only 
excess of rainfall rate over infiltration rate, but also whether surface detention and 
surface storage were satisfied prior to runoff initiation. 
 
 SIFPR p                    (2.12) 
 
where 
R = is the surface runoff (mm) for the time segment  
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F = is the actual surface storage and detention (mm) for the time segment 
S = is the maximum surface storage and detention (mm) 
pI    = is the potential infiltration of any time segment it  (mm) 
 
 
 
Another common method in determining runoff from known rainfall depth is the curve 
number (CN ) method. It was developed by the US soil conservation service (SCS) 
and is based on tabulated data (Alemaw and Choka, 2002). 
 
The runoff curve number method comprises three main parameters: total rainfall, 
runoff, and retention, and the method is based on an assumption of proportionality 
between retention and runoff (Ponce, 1994) as  
P
R
S
RP


,  (2. 13) 
 
where potential maximum retention in catchment area is greater than the actual 
retention ( P  - R ).  
 
It is stated here that the ratio of actual retention to the potential retention is equal to 
the ratio of actual runoff to potential runoff (being the total rainfall). Potential runoff is 
reduced by an amount equal to the initial abstraction which consists of infiltration, 
interception, and surface storage or depression storage, then (2.10) becomes 
 
a
a
IP
R
S
RIP



  , (2. 14) 
where Ia is the initial abstraction. Solving for R  leads to the popular form of the SCS-
CN  method 
 
  SIP
IP
R
a
a



2
 . (2. 15)  
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The initial abstraction is taken to be related to the potential maximum retention as 
follows 
SI a 2.0 .  (2. 16) 
 
This relation is based on rainfall-runoff data from a small experimental watershed. 
The 0.2 coefficient actually varies from 0.0 to 0.26 due to the watershed condition, 
i.e. whether it is humid or arid and semi-arid (Ponce 1994) However 0.2 is the 
standard initial abstraction coefficient recommended by SCS. Combining Equations 
(2.12) and (2.13) leads to 
 
SP
SP
SP
R 2.0    
8.0
2.0 2



 . (2. 17) 
 
For the purposes of research application the abstraction coefficient could be 
considered as additional parameter: 
 
SI ia  ,   (2.18) 
where i  = initial abstraction parameter. Lastly the parameter S  can be found from 
(Mishra, et al 2005)  
 
254
25400

CN
S
, (2. 19) 
 
Equation (2.17) is subject to the restriction that SP 2.0 , and CN  is a non-
dimensional quantity varying in the range (0-100). Based on the CN  range, runoff will 
increase as CN  increases, and 100CN  means that there is no initial abstraction 
and therefore 0S . 
 
Mishra, et al. (2005) noted that RIP a   is equivalent to the cumulative infiltration, 
thus the runoff curve number method can be written as: 
Chapter 2  Background and Literature Review 
Soil water conservation and water balance model for Micro-catchment water harvesting system 47 
 
aIP
R
S
F

   , (2. 20) 
where       F  = RIP a   is actual water retention in catchment area. The curve 
number that is selected from a table depends on land use, soil type, soil moisture, 
and also on the catchments hydrologic conditions. Originally, this model was 
developed for small agricultural watersheds in the United States (Fennessey and 
Hawkins 2001), but this approach can be used for micro-catchments as the form of 
the rainfall- runoff relation indicated (Oweis, 2006).  When considering the effect of 
soil moisture on the runoff process, the method uses three different sets of curve 
numbers, i.e., for dry condition, average, and wet conditions. Current versions of the 
CN model leave the selection of the moisture conditions to the user. Obviously, there 
are more sources of variability that affect the runoff process, some researchers 
(Ponce and Hawkins 1996) suggest that curve numbers for dry and wet conditions 
should be considered as a stochastic component. 
 
The SCS curve number method was used by several researchers for runoff 
estimation as it gives consistently usable results (Rao, et al, 1996; Sharma et al, 
2001; Sharma and Kumar, 2002). Ponce and Hawkins (1996) presented a review of 
the conceptual and empirical foundations of the SCS curve number method, stating 
its wide use in United States and other countries. Nowadays several hydrological 
models use SCS curve number method for estimating storm runoff, AGNPS (Young, 
et al, 1987), EPIC ( William, 1995), SWAT (Arnold, et al, 1996). 
 
CN values have been developed throughout the years to include situations that were 
not involved in its original development ( Romero, 2007). In some studies, watershed 
rainfall and runoff were used (Houser and Jones, 1991;Auerswald and Haider, 1996). 
Other studies used runoff plots for the development of CN‟s under natural or 
estimated rainfall assuming direct runoff to be the rainfall excess overland flow ( 
Risse, et al, 1995; Nearing, et al, 1996; Littleboy, et al, 1996). Also some studies had 
been carried out to try and improve or modify the SCS method by developing an 
approach to generate CN‟s from field studies (Yu, 1998; More, 1987; Hjelfelt, 1991). 
Modification of the SCS curve number method has been proposed to address some 
critical issues such as the effect of spatial scale and its sensitivity to changes in 
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values of its sole parameter. These modifications include changing the constant 
factor relating initial abstraction to potential maximum retention (Mishra, et al, 2006) ; 
the calibration of initial abstraction ( Mishel, et al, 2005); the threshold antecedent soil 
moisture values ( Mitchell et al, 1993); and relationship between initial abstraction 
and potential maximum retention (Nayak and Jaiswal, 2003). All these modifications 
improve runoff predictions when compared with the original method. 
Hawkins (1984) indicated that the CN method does not work well in karst topography 
areas; this is because a large portion of the flow is subsurface rather than direct 
runoff. In general the CN method seems to work the best in agricultural watersheds 
and for range lands but is also poor for forested watersheds. Owies, (1999) indicated 
that the CN method can be use for a microcatchment water harvesting system, the 
size of the catchment that was used was 25 m2. Romero, et al,(2007) showed that 
the CN method could be used for olive orchards under different soil management 
practices, Fasinmirin et al, (2008) used the CN method to estimate runoff for the 
WaSim model for a field growing Amaranthes Cruentus in seed beds each 2 m long, 
2 m wide and 0.15 m depth. It is clear that small scales were used in all these cases. 
 
CN values were observed to decrease with increasing drainage area for semi arid 
areas due to spatial rainfall and flow abstractions (Simanton, 1996). Mishra et al 
(2005) noted that the reduction of the CN with catchment area is consistent also with 
the description of Simanton et al.(1973), such an effect can be also be attributed to 
the reduction in rainfall with an increase in catchment size (Ponce, 1989) because of 
the non-uniformity in the rainfall distribution. Mishra et al. (2005) also indicated that 
the potential maximum retention S is assumed to be a catchment-dependant 
characteristic and the parameters CN and i are generally affected by catchment 
area. 
 
2.8.2  Evaporation 
Evaporation estimates are essential for water balance studies (XU and Singh, 1998) 
and knowledge of the magnitude and variation of evaporative losses is required for 
the design and management of water resources systems (XU and Singh, 2000). Heat 
energy and the vapour pressure gradient affect the evaporation process, so 
meteorological factors such as temperature, wind speed, atmospheric pressure and 
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solar radiation are very important (Morton, 1990). Soil water could be proportioned 
into two fractions being a portion of which would evaporate at energy limiting rate and 
a portion which would evaporate at the soil limiting rate. While Bavel and Hillel, 
(1976) assumed that albedo is the dominant factor, Hillel (1982) stated that the 
transition to the soil limiting phase is not due to changes in albedo, but to the 
hydrologic properties of the soil and to the reduction of the relative humidity at the 
surface to less than one. Hillel (1982) described evaporation as two-stage process, 
where stage one is mainly controlled by atmospheric conditions while stage two is 
mainly controlled by soil properties. The soil hydraulic properties which affect 
evaporation include water holding capacity, unsaturated hydraulic conductivity and 
diffusivity (Hillel 1980, Hillel 1982, Jalota and Prihar, 1990). Soil texture and other soil 
properties also play an important role in this matter (Boasten and Stroosnijder, 1986). 
Bavel and Hillel (1976) proposed an extension of the Penman equation by 
incorporating terms related to the hydraulic and thermal properties of the soil profile. 
A few of the commonly used methods for calculating evaporation are now reviewed. 
 
 
 Water budget method:  
 
The water budget procedure is a simple method for computing evaporation from a 
water surface for a monthly, seasonal, or annual time period. All of the terms in the 
water balance except for evaporation are either measured or estimated with 
evaporation computed from the residual as  
 
WDRPE  .         (2.21) 
 
In all water balance methods, the cumulative errors in the variables of the right-hand 
of the above equation will affect the accuracy of the determination of evaporation, so 
the most accurate estimates of evaporation are obtained if these terms are 
independently measured (Wallace, 1991). 
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 Mass transfer method:  
 
The mass transfer method is based on Dalton‟s equation(XU, and Singh, 2002, 
Abdellah, 2009), according to which transfer of water vapour from an evaporating 
surface is proportional to the wind velocity and the vapour pressure deficit. Dalton‟s 
equation can be written as: 
 
 asw eeCE           (2.22) 
 
where  wE  is free water surface evaporation, C  is the aerodynamic conductance, se  
is the saturated vapour pressure at the temperature of the water surface, ae  is the 
vapour pressure in the air. This method is also known as the bulk aerodynamic 
method. It is still an attractive method for estimating free water surface evaporation 
because of its simplicity and reasonable accuracy. There are a multitude of mass 
transfer equations; the basic theory of these equations is that transfer of water 
vapour from the evaporating surface to the air occurs along the gradient of moisture 
concentration, C  is normally assumed to be dependent on wind speed u  (Singh and 
Xu, 1997), therefore, equation (2.22) is expressed as: 
 
  asw eeufE  ,         (2.23) 
where  uf = is the wind function. 
Examples of empirical equations of this type are given in (Table 2.7): 
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 Table 2.7:     Examples of empirical equations of mass transfer method 
Author Equation Remarks 
Dalton (1802)    asw eeamoinE /.  a = 15 for small, 
shallow water, and 
a = 11 for large 
deep water 
Fitzgerald 
(1886) 
    asw eeumoinE  199.04.0/.  e  is measured at 
30 ft above the at 
surface Meyer (1915)     asw eeumoinE  1.0111/.  
Horton (1917)       asw eeumoinE  2exp24.0/.  
Rohwer (1931)      asbw eeupdainE  118.044.00186.0465.177.0/.  bp  = barometric 
pressure  
Penman (1948)     asw eeudainE  224.0135.0/.   
Harbeck et 
al.(1954) 
   
   asw
asw
eeudainE
eeudainE


4
8
0728.0/.
0578.0/.
 
 
Kuzmin (1957)     asw eeumoinE  821.010.6/.   
Harbeck et al. 
(1958) 
   asw eeuooodainE  1813..   wa TTu  03.01  aT =average air 
temperature, 
ºC+1.9 ºC; wT  = 
average water 
surface 
temperature, ºC 
Konstantinov 
(1968) 
     asww eeuuttdainE  112 166.0/024.0/.   
Romanenko 
(1961) 
     RhTmocmE aw  100250018.0/
2
 Rh =relative 
humidity 
Sverdrup 
(1946) 
 scmEw /        280820 /800/623.0 znpeeuK aa   0K =von Karman‟s 
constant 
a = density of air 
ap =atmospheric 
pressure 
Thornthwaite 
and Holzman 
(1939) 
     822820623.0/ eeuuKscmE aw      2200/800lnap  
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 Combination methods:  
 
In 1948 Penman combined the energy balance method with the mass transfer 
method and derived an equation to compute the evaporation from an open water 
surface from standard climatologically records of sunshine, temperature, humidity 
and wind speed.  
 
Penman combination ( Penman,1948) equation is written as follows: 
 
anp ERET


 



                                         (2.24) 
 where 
PET = is the potential evapotranspiration in (mm/day)  
nR   is the net radiation in Jcm
-2 day-1  given by: 
1-r)-(1 QQR Sn   (2. 25) 
       






N
n
eTQ aaw 90.010.00.1065.053.016.273/1064.895.0
2/147
1   (2. 26) 
aE =  is aerodynamic term (mm/day), given by: 
  asa eeuE  200438.0135.0               (2.27) 
= is the slope of the saturation vapour pressure curve with respect to       
temperature (mb/ºC). 
  = is the hydrometric constant (= 0.65 mb/ºC). 
1Q = is the long wave radiation from the water body (J cm
-2 day-1) 
SQ =    is the short wave radiation (J cm
-2 day-1) 
r = is a coefficient relating to vegetation cover (= 0.25 for a short grassed          
surface) 
 aT = is air temperature (ºC). 
N
n
= is the ratio of actual/ possible sunshine hours of bright sunshine. 
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w  = is the density of water (kg/m
3) 
  = is Stefan Bolzman‟s constant (= 5.7*10-8 W/(m2 grad4)). 
 2u  = is the wind velocity (m/s). 
Further developments and extension to (2.24) have been generally: 
 
Penman 1963: The Penman equation (Aase, et al 1973) is expressed as: 










 anO ERET



5.7408.08.0       (2.28) 
OET = is the reference evapotranspiration, mm/day 
 
Kimberly- Penman equation (Wright, 1982) is given as follows: 
 
 



WfVd
GRET nP
43.6




       (2.29) 
where 
2ubaW wwf  ,   wa and wb   are coefficients can be determined as follows: 
  258/173exp4.14.0  Jaw  
  282/243exp345.0605.0  Jbw  
J = is the Julian day number 
Vd =  zo ee   is vapour pressure deficit, kPa. 
oe  and ze  is the vapour  pressure of air at dew point and at height z temperature, 
respectively, kPa,  
 =is latent heat of vaporization, MJ/m2/day 
G = is the mesearured or estimated soil heat flux, MJ/m2/day 
 
 
Penman- Monteith equation: Monteith (1965) developed a combination equation 
known as Penman-Monteith equation, there are two major improvements by Monteith 
on Penman equation; the inclusion of canopy resistance term ( cr ) and of 
aerodynamic term indicating resistance to water vapour ( ar ). The Penman-Monteith 
equation can be formulated as follows: 
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   zo
aa
w
nO ee
rp
KGRET 






1622.0
1




    (2.30) 
where 
   
z
owzpqomzpw
a
u
zdzzdz
r
241.0
/ln/ln 
        and  
 







a
c
r
r
1  
wz = is the height of wind measurements, m, 
omz = is the momentum roughness length, m, 
owz = is the vapour roughness length, m, 
qz = is the height of humidity measurements, m, 
zpd =is the zero plane displacement height, m, 
zu = is the wind speed at height wz , m/sec or km/day, 
1K = is a diameter coefficient needed to assure that both terms have same units, for 
zu  in m/sec 1K = 8.64*10
4, for zu  in km/day 1K = 10
3 
ar = is diffusion resistance of air layer (aerodynamic resistance), sec/m or sec/cm 
cr = is the crop canopy resistance offered by the plant stomata pores, sec/m or 
sec/cm 
 
FAO-56 Penman-Monteith FAO: This equation is derived from the original Penman-
Monteith equation, aerodynamic equation, and surface resistance equation, it can be 
written as (Allen et al., 1998): 
 
   
 2
2
34.01
273
900
408.0
u
eeu
T
GR
ET
as
a
n
o







     (2.31) 
where aT   = is the mean temperature  (ºC).   
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  Radiation methods: 
 
 Estimating potential evaporation uses empirical radiation-based equations; they are 
based on the energy balance (Jensen et al., 1990) and take the form: 
 
 srp RCET                 or      nrp RCET   ,     (2.32) 
where 
    = the temperature and altitude-dependent weighting factor 
rC   = a coefficient depending on the relative humidity and wind speed 
sR   = is the total solar radiation (J cm
-2 day-1  ) 
 
There are a number of radiation-based equations; two of these equations were 
chosen to represent the radiation method: 
 
Makkink method: Makkink (1957) proposed the following equation for estimating 
potential evapotranspiration (mm/day) 
 
12.061.0 




s
p
R
ET ,        (2.33) 
 
Priestley and Taylor method: They proposed a simplified version of the 
combination equation (Penman, 1948) for use when areas generally were wet, the 
aerodynamic component was deleted and the energy component was multiplied by a 
coefficient   when areas were wet or under humid conditions giving 
 
np RET




 ,           (2.34) 
 
Hargreaves method: It is the simplest one for practical use, because it requires only 
two parameters, temperature and solar energy. The Hargreaves model (Hargreaves, 
1975) is expressed as follows: 
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  saP RTET 78.170135.0  ,        (2.35) 
 
 
FAO radiation method: This equation is given by (Ismail, 1993): 
 
so RnET


 ,         (2.36) 
with n  being an adjustment factor. The form of FAO radiation method given by 
Jensen, et al. 1990 is described as follows: 
 








 so RbaET

        (2.37) 
where a and b  are conversion factors based on mean humidity and daytime wind 
speed. Fevert et al. (1983) have given equations to calculate b  while Doorenbos and 
Pruitt (1977) recommended -0.3 for a . According to (Doorenbos and Pruitt, 1977) the 
FAO radiation method is basically a modification of the Makkink formula. 
 
Turc method: The Turc method (Castaneda and Rao, 2005) can be written as: 
 
   50484.015/013.0  saaO RTTET                                 for Rh >50% (2.38) 
      70/50150484.015/013.0 RhRTTETo saa         for Rh < 50% (2.39) 
where Rh  is the relative humidity 
 
Temperature based methods:  
Methods used for potential evapotranspiraion estimation and require only 
temperature are considered as temperature- based methods, most temperature-
based equations(Jensen, et al, 1990) take the form: 
 
 bap TcET    or     hccTdcET a 3211  ,      (2.40) 
where 
h = is the humidity term. 
 1c ,  2c ,  3c  and  c  are constants. 
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1d = is the day-length. 
The performance of the empirical equations usually varies between locations; there 
are many temperature-based equations: 
 
Blaney-Criddle Method: Blaney-Criddle (1950) equation is written as 
 
 13.846.0  ap TkpET         (2.41) 
 
where 
pET  =  is the potential evapotranspiration from a reference crop, in mm/day, for the 
 period in which p   is expressed. 
p   =   is the percentage of total daytime hours for the used period (daily or 
          monthly) out of total daytime of the year(365 x12) 
k    =  is the monthly consumptive use coefficient, depending on vegetation 
type, location and season and for growing season (May to October), k   
          varies from 0.5 for orange tree to 1.2 for dense natural vegetation. 
 
Thornthwaite method: Thornthwaite method is a monthly calculation procedure 
requiring only mean monthly temperature data, the limitation of this method is that it 
can be used for computing monthly evapotranspiration only. The equations for 
Thornthwaite method are as follows: 
 
a
i
a
h
T
ET 






10
6.1 ,         (2.42) 
514.1
5






 ii
T
h  
  632 10675.01.77179291492390  IIa  
 
Kharrufa method: Kharrufa (1985) derived an equation through correlation of 
pETp /  and aT  in the form of 
3.1
34.0 ap pTET           (2.43) 
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where pET  is the Kharrufa potential evapotranspiration (mm/month), and aT  and p  
have the same definitions as given earlier. 
 
Homon method: Homon (1961) derived a potential evapotranspiration method 
based on the mean air temperature and is expressed as 
PtdETp
2
155.0  (mm/day)       (2.44) 
where Pt  is a saturated water vapour density term calculated by 
 
100
95.4
062.0 aTe
Pt   
 
Romanenko method:  Romanenko (1961) derived a potential evaporation equation 
based on the relationship using mean temperature and relative humidity 
   RhTET ap  100250018.0
2
       (2.45) 
where aT  is the mean monthly air temperature (ºC), Rh  is the mean monthly relative 
humidity, which is calculated by 
 
 a
o
d
o
Te
Te
Rh     in which  a
o Te  is the saturated vapour pressure calculated by (Bosen, 
1960) 
    001316.0488.1000019.08072.000738.08679.33 2  TTTe ao . 
 
Estimation of evaporation is crucial for agricultural purposes, water balance, 
hydrology and irrigation issues (Amatya, et al., 1996; Kang, et al., 2009; Landers, et 
al., 2008); Nandagiri, 2005; and Trajkvic, 2005). 
Actual ET is influenced by weather conditions such as radiation, temperature, wind 
and relative humidity and also affected by the land cover condition and soil moisture 
content (Senay, 2008). ET can be estimated by hydrological modelling techniques 
based on surface energy balance ( Batianssen, (1998); Allen et al., (2005); Su et al., 
(2005); Senay et al., (2007) or on water balance principles ( Allen et al., (1998); 
Verdin and Klaver, (2002) and Senay and Verdin, (2003).  Some of these models are 
valid only under specific climatic and agronomic conditions and they can not be 
applied under conditions which are different from those they were originally 
developed for. Many factors such as weather, crop, soil, and environmental 
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conditions affect evapotranspiration estimation, since these factors varies in different 
locations, so it is difficult to decide an equation to determine evapotranspirration 
under different weather parameters (Landers, et al., 2008), moreover, the lack of 
accuracy of weather parameters from different sites could lead to significant errors in 
the estimated evapotranspiration (Galvilan, et al., 2008) 
The Penman equation is recommended for daily, weekly or monthly estimates and 
when the necessary weather parameters are available and it was developed to 
estimate evaporation from saturated surfaces. The Penman-Monteith equation is an 
extension of the Penman equation that calculates evapotranspiration for a range of 
vegetated surfaces through the introduction of plant specific resistance factors ( 
Monteith, 1965). Doorenbos and Pruitt (1977) developed a modified wind speed 
function in the Penman formula and also a factor to adjust for local climate conditions 
and this became the FAO method for grass reference evapotranspiration. Although 
the Penman- Monteith equation has a physical basis that can be used on a global 
level, it doesn‟t rely on sophisticated meteorological instrumentation and the equation 
has received the most thorough experimental validation against other methods, 
mainly lysimeters and soil moisture measurements (Craig, 2006). However, 
calculating evapotranspiration from the Penman-Monteith equation is a difficult 
process in which knowledge of micrometeorology is a prerequisite, and many 
workers have had several disagreements upon the precise methodologies to be 
used.  Consequently to solve these problems Allen, et al., (1998) introduced the FAO 
65 method which is based on Penman-Monteith equation but where the aerodynamic 
resistance was set as a constant. 
When temperature data only are available, the Hargreaves or the FAO- Blaney-
Criddle equation are recommended, the FAO-24 Blaney-Criddle method gives 
reasonable good daily estimates if measured or calculated daily values of RH, n/N, 
U, are available. The Hargreaves method (Hargreaves and Semani, 1985) is an 
empirical approach that can be used to estimate daily evapotranspiration in cases 
where the availability of weather data is limited. It should be notified as Temesgen et 
al. (1999) have indicated that high humidity conditions may result in an 
overestimation of evapotranspiration by the Hargreaves method whereas the 
conditions with high wind speed may result in the underestimation of 
evapotranspiration. Trajkovic (2007) reported that the use of Hargreaves equation at 
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humid areas is strongly supported as estimates by Hargreaves were in close 
agreement with FAO 56 Penman and Monteith estimates.  
The Blaney-Criddle method has been suggested for areas where the available 
climatic data cover air temperature data only (FAO-24). The Turic radiation method 
(Turic, 1961) was developed in Western Europe for regions where the relative 
humidity is greater than 50%. The Makkink equation method (Makkink, 1957) is a 
simplified version of the Priestley-Taylor equation that assumes that the daily ground 
heat flux is small and the net radiation is largely a function of the solar radiation ( De 
Bruin 1987). 
 
Priestley and Taylor (1972) explained that net radiation is the dominant constraint on 
evaporation and the results indicate that the advection or mass-transfer term in the 
Penman combination equation tends to be a constant fraction of the radiation term 
under equilibrium conditions (Sumner and Jacobs, 2005).  
np RPE 









  . (2. 46) 
Equating (2.24) and (2.34) reveals that the advection term must be a constant 
fraction of the radiation term if  is constant 
ann ERR 
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
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  , (2. 47) 
or 
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 1
 , (2. 48) 
 
Several researchers have confirmed that   varies in the range 1.26- 1.28. A higher 
  coefficient may be required in an arid climate (ASCE, 1990) with a value of   = 
1.7- 1.75 being more appropriate. The   proportionality constant has been used 
successfully to evaluate soil water evaporation when energy is the limiting factor, so 
as the energy limiting phase decrease this approach becomes less applicable. As 
evaporation is difficult to be measured directly, atmospheric evaporative demand is 
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often estimated by observing the evaporation rate in an open water container. The 
class A-Pan evaporimeter is the standard instrument used for such observations 
world wide (Figure 2.15). It is assumed that without rain the only changes in soil 
moisture are due to evapotranspiration (Owies and Taimeh, 1996), and under 
conditions of no plants it is then assumed that all actual evaporation comes from the 
soil surface. 
Actual evaporation can be estimated from an evaporator by using the following 
relation (Hanks, 1974) after each wetting: 
1
/


t
dsppact NkKEE , (2. 49) 
where 
actE  = actual evaporation from soil surface (mm/day), 
pE  = pan evaporation (mm/day), 
pK  = pan coefficient, 
sk  = soil evaporation factor, 
dN  = is a constant which determines the decay time of the evaporation after 
a wetting and  
t    =   time (days) since last wetting 
 
 
Figure 2.15: Class A evaporation Pan (Critchley& Siegert1991) 
 
Values of pK  depend strongly on wind and relative humidity and there are various 
equations available to calculate this coefficient. The Allen and Pruitt (Allen, et 
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al.1989) equations for the class A pan with dry fetch (fetch describes the state of the 
ground cover in the upwind buffer zone) are  
FetchWindSmeRHmWindSmeKP 
 76 11.1)87.100341.0(61.0
 
)log(32.3)log(78.3 55 WindSmWindSmeFetchWindSme  
 
             )log()log(016.0)log(00363.0 FetchWindSmFetch    (2. 50) 
where WindSm is in units of km/day. The class A pan method is commonly used to 
estimate the rate of water evaporation; by measuring the change in water level with 
time. The actual evaporation is then estimated by multiplying the pan evaporation by 
a pan coefficient pK . Typical values pK  could be more than 0.70 (Critchley and 
Siegert, 1991), though pan coefficients vary with location and season. Open water 
evaporation and potential evaporation are often of similar magnitude which justifying 
the use of open water evaporation estimates in a soil-water budget calculation. 
 
 
 
 
2.9   Statistical Methods: 
For any water balance model that has been chosen from the literature, developing a 
statistical methodology for optimizing parameters, checking the performance of the 
model and doing a sensitivity analysis is needed. 
 
Parameter Optimization: 
 
Calibration is a general term that refers to the process of finding acceptable values 
for parameters and coefficients of a hydrologic model (Kamali, 2009). Hydrologic 
model calibration has always been a challenge for hydrologists (Kamali, et al., 2007). 
The process of parameter and coefficient estimation will be essentially an 
optimization process. 
The possibilities of using optimization methods in hydrological model calibration have 
been demonstrated by Dawly and O‟ Donnell (1965), Johnston and Pilgrim (1976), 
Hendrikson et al., (1988) for surface water hydrology and for groundwater models by 
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Yeh (1986), Carrera and Neuman (1986), Carrera (1988), Peck et al., (1988). In 
surface hydrology, the problem of calibration is treated more and more as a multi-
extreme problem (Wang, 1991; Solomatine 1995; Franchini and Galeati 1997; 
Kuczera 1997), this may be attributed to the fact that the models being calibrated are 
simpler than groundwater models, and their running times are much less. Also 
parameters are classified into two groups (Sorooshain and Gupta, 1995): physical 
parameters which represent measurable properties of the catchment such as area of 
the catchment and slope while process parameters represent the properties of the 
catchment which are not directly measurable such as soil moisture and lateral flow. 
 
All optimization algorithms seek to minimize some objective function, one of the well 
known objective functions is the least squares method which determines the 
parameter values for which the sum of squared deviations between the observations 
and their expectations is as small as possible.The most important advantage of the 
least squares method is its ability to produce stable reduced data in the presence of 
errors (Mc Cuen and Synder, 1986). Probably the main reason for its popularity as 
stated by Sorooshian and Dracup (1980) has been its applicability to any model. 
  
 
Check the model performance: 
 
The goodness of fit of the simulations has to be assessed with the help of some 
statistical estimators (Green and Stephense, 1986; Loague and Green, 1991). Gan 
and Burges (1990) suggest that there is not a universal and valid scheme to calibrate 
a conceptual model following manual or automated procedures, the performance of 
each calibration is evaluated by numerous criteria that can be found in the literature. 
The relative efficiency of the optimization method could be determined on the basis 
of its corresponding performance in verification and on the degree of variability of the 
parameter values in successive tests (Goswami and O‟Connor,2007). Nash and 
Sutcliffe (1970) introduced the concept of model efficiency which is similar to 
correlation coefficient from linear regression with a value of one indicating perfect 
agreement between the measured and predicted values, and decreasing values 
indicate less correlation between the two.  
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Sensitivity analysis: 
 
Sensitivity analysis is a process used for identifying the sensitivity of the model 
response to changes in input parameters. The sensitivity of model represents the 
changes in a model output due to a change in the model input parameters, sensitivity 
analysis results aid model calibration providing valuable information on parameter 
adjustment. The analysis involves perturbing the values of the hydraulic parameters 
with respect to the best estimates and examining how the simulated hydrological 
variables change. The common approach is to evaluate one parameter at a time; all 
other parameters are kept constant while a given parameter is being evaluated. 
Sensitivity analysis allows identifying those parameters which should be preferentially 
considered during a model optimization procedure (Kirkby et al., 1993) but also those 
having minor influence on model results and therefore are set to a constant value 
(Jansen and Heuberger 195). Additionally, a sensitivity analysis can be used to 
identify potential parameter interaction (Schroder 2000) which is important during 
model calibration because such interactions can increase the uncertainty in finding 
best parameter sets(Guame et al., 1998). The classical single-parameter sensitivity 
analysis investigates the influence of only one parameter (Anderson and Burt 1995) 
by changing its value to some defined amount (e.g. ± 5% or ± 10% ) and quantifying 
the change of the model response. The advantage of this method is that is fairly 
quick as it needs only a very limited number of model runs.   
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3 Experimental Methodology and Measurements 
 
3.1 Study location 
The Khanasri area is located in the Northeast marginal region of Jordan, where it is 
sited between agricultural land and the desert areas (Figure 3.1). Khanasri is 
characterized by a low level of vegetative cover due to overgrazing. As a result of 
improper management practices the land has become degraded and less productive, 
however, due to the moderate rainfall and runoff potential the area has potential for 
improvement and to become productive. 
 
  
Figure 3.1: The area of interest, few kilometres-Northwest of al Mafraq: (x) denotes 
the location of the research station 
 
The soils of the area are aridisols; these taxonomic units cover about 60% of the total 
area of Jordan with the depth of the soil varying considerably from one place to 
another. The soil profiles of the area are shallow to deep with clay to loamy soils. The 
X 
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most common subsurface horizons in the aridisols of Jordan are the calcic and 
gypsic horizons, as these soils are distributed where rainfall is very low. Water 
harvesting is more efficient and profitable on such soils as they tend to form a 
surface crust,  partially due to their high silt content (Al-Qudah, 2000). 
 
The climate of Khanasri area can be classified as arid to semi-arid with the average 
amount of rainfall that is received annually varying from 150 to 250 mm. Khanasri 
has a cold winter and a temperate summer. The average minimum temperature is 
between 2.2 to 16.3 ºC while the maximum average temperature varies from 12.5 to 
33.1 ºC. The area is characterized by high intensity rainfall of low volume which is  
poorly distributed, with winds prevailing from Westerly to North-Westerly. This area is 
ideal for the application of water harvesting techniques. 
 
The main features of the topography at Khanasri are undulating hills with frequent 
outcrops of rocks and colluvial (loose rocks and soil) cover on the lower slopes. The 
area is also covered with stones and basalt rock, some gravels found through the 
profile. 
 
3.2 Experimental design and treatments 
The experiment aimed at verifying the difference of water content in the soil profile 
with and without using water-harvesting techniques, quantifying the amount of 
harvested water to ensure that this technique will secure the proper amount of water 
to meet the crop water requirement; determine runoff efficiencies; evaluate storage 
and system efficiency and finally to establish a suitable model for this system.  
 
 
3.2.1 Diamond shape (Negarim) 
Negarims are a newer micro-catchment design technique used for fruit tree 
plantations in arid and semi arid regions where the annual rainfall can be as low as 
150 mm. Negarims have the advantages of producing runoff from small and low 
intensity storms due to low conveyance losses within the catchment area ( Oweis 
and Taimeh, 1996), they are widely used especially in the Mediterranean arid areas 
where the increasing of agricultural production is needed. In design, Negarims are 
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square or rectangular shaped and formed on gently sloping land with an infiltration 
area at the lowest corner where the crop is grown. The micro-catchment unit is 
divided into sub-areas defined as (Figure 3.2): 
 
 a runoff area (catchment area) where the rainfall can be collected and  
 a run-on area (cultivated area) where the runoff can be collected 
 
Two different sizes Negarims were used on two catchments having slopes of 5% and 
2%. The total catchment area on the 2% slope was 14 m² inside of which is the 2.25 
m² cultivated area. The total catchment area of the 5% slope size was 5.29 m² inside 
of which was the 1 m² cultivated area. These plots were laid out down the slope with 
the cultivated areas in the lowest corner (Figure 3.2). Each Negarim was surrounded 
by earth ridges of height 25-30 cm where the height was chosen in order to avoid the 
risk of overtopping and damage, and to make sure that all the runoff water infiltrated 
into the cultivated area. The 2% slope catchment is predominantly a silty clay soil 
with gravels and a little calcium carbonate, while the 5% slope catchment is 
predominantly silty clay soil with no gravels and relatively high amount of calcium 
carbonate.  
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 Figure3.2: Negarim Micro-catchments water harvesting system 
 
 
PVC access tubes of 1.2 cm length were also installed into an augured hole to a 
depth of 1 m at the lowest corner of the infiltration basin to measure changes in the 
volumetric water content over time (Figure 3.3). Metal cans were put on the top of the 
open ends of the tubes to prevent any rainfall from directly entering. Additional tubes 
were also installed in an area of 1 to 2 m distance outside the experimental plots for 
comparison purposes. The PVC tubes were tapped into the holes to provide a tight fit 
as this was critical to the accuracy of the readings. Air pockets along the sides of the 
access tube will reduce the accuracy of the probe by lowering capacitance 
measurements.  
 
Precipitation 
(p) 
Evaporation (E) 
Infiltration (I) 
Runoff Run-on 
area 
Runoff area 
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Figure 3.3: PVC access tube in the cultivated area 
 
 
3.2.2 Catchment and Cultivated area design 
The Catchment to Cultivated area ratio (Critchley and Siegert, 1991), (C :CA ), it is 
based on the extra water required ( EWR ) and water harvested (WH ) according to 
the following: 
required  waterExtra  harvested Water  . 
The amount of water harvested (mm) from the catchment area is a function of the 
amount of runoff created by the rainfall. The amount of runoff is calculated by 
multiplying a “design” rainfall ( DP ) with a runoff coefficient ( RC ). Since not all of the 
runoff could be utilized, an efficiency factor ( EF ) must be used, thus the water 
harvested is given by 
 
EFRCDPCWH ... . (3. 1) 
 
The amount of water that is actually required ( EWR ) is then obtained by multiplying 
the size of the cultivated area(CA ) with the net crop water requirements, being the 
total water requirements (CWR ) minus the assumed design rainfall, i.e. 
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 DPCWRCAEWR   . (3. 2) 
 
Since we require EWR being equal toWH , then from (3.1) and (3.2) the design 
catchment to cultivated area ratio can be determined from  
CA
C
EFRCDP
DPCWR



  . (3. 3) 
 
 
If the rainfall is below the design rainfall, there is a risk of crop failure due to moisture 
stress, but if it is above the design, then runoff will be in surplus. A design rainfall is 
calculated at a certain probability of occurrence. As such a conservative design 
should be based upon a higher probability resulting in a lower design rainfall to make 
the system more reliable for meeting crop water requirements more frequently. To 
determine the probability of occurrence rP , long term annual rainfall data is needed. 
This data will be ranked with m = 1 for the largest recorded value and m = n for the 
lowest value. Then the following equation can be used to calculate the probability of 
occurrence for each of the ranked values: 
 
25.0
375.0
%



o
o
n
m
P  , (3. 4) 
 
where      on  =   is the total number of observation used, (Shatanawi, 1995). 
 
The next step is to plot the ranked values against the probabilities, then from these 
curves the probabilities of occurrence can be obtained, once the probability of 
occurrence is known, the return period T  (in years) can be easily obtained by the 
following equation: 
 Years
P
T
r
100

 .     
 
Designing the catchment runoff area and the cultivated run-on area was based on 
the two return probabilities of 50% and 67%.  
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3.2.3 Soil surface treatments 
 
3.2.3.1 Catchment area: 
 
On the catchment the area where the runoff occurs there were two different types of 
surface treatments applied, being Treatment 1, (T1) = Compacted surface and 
Treatment 2, (T2) = Natural surface. Treatment 1 was carried out through compacting 
the plots by using a heavy cement roller. The aim of the compacting process is to 
make an increase in the soil surface density which in turn should increase the runoff 
amount through the reduced infiltration.  
 
3.2.3.2 Cultivated area: 
 
On the cultivated area where runoff is collected through infiltration, there were three 
types of treatments implemented. These were for a disturbed soil surface (S1), a 
surface covered with stones (S2), and a surface covered with crop residue (S3). 
 
Stones and crop residues were used as a mulch to reduce the amount of water that 
might be evaporated from the cultivated area in order to conserve the harvested 
water. The total number of combined treatments were six as follows:  T1S1, T1S2, 
T1S3, T2S1, T2S2, and T2S3. The treatments were replicated three times using a 
RCBD (randomized complete block design) as shown in Figures 3.4. Photographs of 
the actual experimental plots are found in Figures 3.5 and 3.6.  
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Figure 3.4: Experimental Layout of the six treatments. Each of the two plot sizes 
have their own set of RCBD treatments, slopes of size 1 and 2 plots are 2% and 5% 
respectively.  
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(A) 
 
(B) 
 
(C) 
Figure 3.5: (A) Natural Catchment Treatment, (B) Different Treatments in size 2 
plots, (C) Different Treatments in size 1 plots  
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(D) 
 
(E) 
 
(F) 
Figure 3.6: (S 1) Disturbed cultivated area Treat., (S 3) Crop residue cultivated 
area Treat., (S 2) Stones Cultivated area Treat.  
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3.3  Measurements 
3.3.1 Measurement of soil physical properties 
 
The infiltration rate was measured for the normal, compacted and cultivated area 
using double ring infiltrometer method as described by Bouwer (1986) and shown in 
Figure 3.7. The constraint water level in the outer ring was used to minimize lateral 
flow or leakage from the inner ring so that the inner ring is contributing to the 
downward flow.  
 
 
Figure 3.7: Double ring infiltrometer 
 
The two cylinders were driven into the soil to a depth of approximately 10 cm. They 
were filled with water to a depth of about 5-10 cm, with the same depth maintained 
approximately throughout the period of observation in the water cylinder. The water 
level at the end of 5, 15, 30, and 45 minutes and 1, 1.5, 2, 3, 4, 5, and 6 hours was 
then recorded, sufficient water was added to bring the water surface exactly back to 
its initial level, finally, data was obtained using the following equation 
 
60
12
21 



tt
hh
I , 
 
where 
I = infiltration rate (cm/hr) 
1h = initial water level at time 1t  (cm) 
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2h = water level at time 2t  (cm) 
2t = time interval in minutes 
 
The results are shown in Figure 3.8 and this data was then used to obtain estimates 
of both the sorptivity and the saturated conductivity at the start of the measurement 
period. 
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Figure 3.8: Infiltration rate for compacted, natural and cultivated treatments  
  For 2% slope and before rainfall event 
 
 The core method as described by (Blake and Hartage 1986) was used to measure 
the soil bulk density for the normal, compacted and cultivated area at the following 
depths: 0-10; 10-20; and 20-30 cm. Three random samples were taken from each 
depth and the results are given in (Table 3.1). 
 
Table 3.1: Bulk density for different treatment for 2% slope 
Depth ( cm ) Bulk Density ( g/cm³ ) 
 Normal Compacted cultivated 
0-10 1.21 1.64 1.18 
10-20 1.22 1.24 1.20 
20-30 1.25 1.26 1.23 
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The particle size distribution for the different soil depths of: 0-10; 10-20; 20-30; 30-60; 
and 60-90 cm (Table 3.2) was determined by The pipette method as described “by 
Klute ( 1986). The pipet method utilizes Stoke‟s law by the extraction of sub samples 
of the soil suspension at a given depth after a predetermined settling time for each 
size fraction of interest. As time passes, larger particles pass by the sampling depth, 
and smaller and smaller size fraction can be sampled. After extracting the sample, it 
is dried, weighed, and the percentage of the total soil in suspension present in each 
sample is determined. While the pipette method is very accurate, it also time 
consuming. 
 
Table 3.2: Soil Texture for 2% slope 
Depth ( cm ) 
Textural Separates ( % ) 
Sand Silt Clay 
0-10 6 59.20 34.20 
10-20 9.2 57.89 32.80 
20-30 9.2 50.00 40.79 
30-60 1.3 48.68 50.00 
60-90 1.3 48.68 50.00 
 
 
 
 To determine the soil moisture characteristic curve the ceramic plate method as 
described by (Klute, 1986) was used. Soil samples were taken from different depths 
of: 0 -15; 15-30; 30-45; 45-60; 60-75; 75-90 cm during the installation of the PVC 
tubes. Moisture characteristics curves are determined for each depth using different 
tensions of: 0.1, 0.3, 5, 10, 13, and 15 bars and shown in Figure (3.9). 
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Figure 3.9: Soil moisture characteristic curve for 2% slope 
 
 
Soil moisture contents were measured in each plot using a Sentry 200 AP, dielectric 
probe. The PVC tubes which were installed in the cultivated area provided access for 
the Sentry 200 probe. For Sentry 200 calibration, soil samples were taken from the 
holes augured for the access tubes installation at depths of 15, 30,45,60,75 and 90 
cm, the soil samples were placed in separate sealable plastic bags and marked with 
the appropriate tube number and depth. Probe readings were taken at all depths 
after the access tubes were installed into the augured holes, soil moisture contents 
were determined using Sentry 200-AP capacitance probe and the soil moisture 
content of each soil samples was determined gravimetrically. The soil samples were 
first weighed dried at 105 degrees C for 24 hours and weighed again, the difference 
between the wet soil weight and dry soil weight divided by dry soil weight and 
multiplied by 100 to obtain the percent water in the samples by weight. This percent 
water by weight was multiplied by the bulk density of the soil samples determined in 
grams per cubic centimetre to obtain the percent water in the samples by volume. 
The resulting volumetric soil moisture content was compared to the (D) values from 
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the Sentry 200-AP tube for the corresponding tube and depth. Calibration curves 
were determined and used to determine the soil moisture content for the subsequent 
readings.  
Readings were taken after each rainfall event directly or every week when there was 
no rain.  
Soil moisture content readings for each of three replicates were averaged for each 
depth. Once   was determined, the profile soil water content was determined as: 
 
ii
zSWC  , 
 
where iz  is the depth of each layer (mm) as given in Table 3.2. 
 
 
Data taken for calibration which included three samples randomly taken within 
cultivated area showed that the water content variation with depth was similar across 
all samples, confirming that an approximation of a one dimension profile could be 
assumed. 
 
 
3.3.2 Meteorological Data 
Meteorological data were also available from The Hashemite Kingdom of Jordan, 
Meteorological Department, and available data from the nearest meteorological 
station (2-3 Kilometres) over a ten year period from 1994-2004 covered daily 
measurements of 
 evaporation  
 rainfall 
 relative humidity 
 wind speed 
 saturation vapour pressure 
 actual vapour pressure 
 the ratio of actual/possible sunshine hours of bright sunshine 
 temperature 
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 short wave(global) radiation. 
 
Most of the rainfall began during November and usually ended on April where the 
heavy events mostly occurred on January, February and March. Rainfall totalled 150 
mm during the period of measuring soil water content from 21 December to 28 May 
of the seasons 1996 to 1997. The largest total monthly amount of water which was 
35.1mm occurred in February 1997. Temperature and global radiation mostly 
increased gradually from December to May (Appendix 7.10), except for some values 
in January and February. Figures (3.10 and 3.11) illustrate the rainfall, evaporation 
and runoff for the 96 -97 seasons. 
 
Figure 3.10: Daily amount of Rainfall, Evaporation (Epan) & Runoff for year 1996 
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 Figure 3.11: Daily amount of Rainfall, Evaporation (Epan) & Runoff for year 1997. 
 
3.4 Theoretical Method 
3.4.1 Model description, concept, and formulation 
The water balance model which is described here is based on analysing the 
relationship between the amount of moisture added to the soil profile in the cultivated 
area through precipitation and runoff and the amount of water that lost through 
evaporation processes and drainage. 
 
 Let the area of cultivation be given by 1a  and the catchment area by 2a  so that 
21 aa  is the total area of the Negarim. Then if  ty p  denotes the volume of soil 
moisture in the cultivated area a simple daily water balance relation is given by  
     tDaEaRaPatyttya app  )( 11211 , (3. 5) 
where t  = time interval of one day. Dividing by 1a  then gives the equation for the 
change in water storage as 
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     tDER
a
a
Ptytty app  *)(
1
2 . (3. 6) 
 
The components of water balance model, methods and frequency of measurements 
are illustrated in Table 3.3. 
Table 3.3: Details of Components, Methods and Frequency for water balance 
model 
Water balance comp. Method of measurement Frequency of measurement 
Runoff RC, LRM, CN On daily rainfall basis 
Evaporation Penman, Class A pan, Priestley 
& Taylor method 
On Daily Metrological data bases 
Drainage Estimated from Darcy‟s law  
Precipitation Meteorological station Daily 
Soil moisture Sentry 200 (TDR based) After rain and every week when no 
rain existed 
RC= Runoff Coefficient CN= Curve Number Method LRM= Linear Regression Model 
TDR = Time Domain Reflectometry 
 
3.4.2 Optimization 
Optimization is a process that seeks the best possible solution or outcome. In the 
case of water harvesting, the objective of the optimization is linked to designing of the 
system and operating the facilities that lead to a maximum amount of water being 
available for crop usage. The least squares method minimizes of the sum of squares 
between the measured and simulated data and takes the form 
 
 2op yyLS   , (3. 7) 
where oy  is the observed or measured volume of water within the cultivated area. 
Any water balance parameters that are needed by equation (3.5) and are not able to 
be measured will be determined by minimizing (3.7). For example some of these 
parameters included the curve number, initial abstraction, coefficient relating to 
vegetation cover, pan coefficient, and soil evaporation factor.   
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As discussed earlier all data and measurements used in this model were taken on a 
daily bases, meteorological data such as rainfall, evaporation, relative humidity; wind 
speed, actual vapour pressure, saturated vapour pressure, global radiation, sun 
shine hours, and temperature were obtained from meteorological station which is 
controlled by Meteorological Department of Jordan.  The soil water content up to a 
depth of one meter was also measured by sentry 200 instruments.  
 
Estimation of the daily runoff was done by the curve number method ( CN ) discussed 
previously. This formula is usually recommended for daily runoff estimation. Actual 
evaporation was estimated by the Penman combination, Priestley and Taylor, and 
Class A pan methods. The interception storage is ignored because the soil is 
assumed bare, and rainfall distribution is taken as uniform over the area of interest. 
 
 
 
3.5 Assessment of the model performance 
Reliability of the hydrologic model is defined as the model‟s ability to consistently 
reproduce the historical record with minimal errors (Melching, 1995). One needs 
quantitative information to measure model performance compared to measured data. 
 
For successful use of the soil water balance model, it has to be validated by 
comparing measured and calculated variables such as the total volume soil water 
stored  over a 0.9 m depth in the cultivated area. Many criteria could be used for 
assessment of the model performance, and we discuss some of these in the 
following sub-section. 
 
3.5.1 Root Mean Square Error  
That is probably the most easily interpreted statistic, because it has the same units 
as the variable being predicted. The RMSE is the vertical distance, on average, of a 
data point from the fitted curve. In order to evaluate the performance of the model 
used in this study, the root mean square error was taken as index of the variance 
between the computed and observed values of water storage, expressed 
mathematically as follows: 
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 , (3. 8) 
where ip are the predicted values, io are the observed values and n is the number of 
observations. The higher the RMSE value the poorer the performance of the model, 
while the lower RMSE indicates a better performance of the model. The perfect fit is 
given when RMSE = 0. 
 
 
 
 
 
3.5.2 Relative Root Mean Square Error 
The relative root mean square error is simply defined as the root mean square error 
given in (3.8) divided by the mean of observed values as follows: 
 
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op
RRMSE
n
i
ii 1
1
2


 

 , (3. 9) 
where o  =  mean of the observed values. 
 
3.5.3 Coefficient of Determination 
 
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 . (3. 10) 
The CD  describes the ratio of the scatter of the simulated values and the observed 
values around the average of the observations. A CD  value indicates to what extent 
the simulated and observed values match perfectly. Clearly it‟s range of values is 
0CD , with a value of one indicating a perfect match.  
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3.5.4 Nash-Sutcliffe efficiency 
It is defined as one minus the sum of the absolute squared differences between the 
predicted and observed values normalized by the variance of the observed values. It 
is calculated as follows: 
 
 
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n
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ii
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1
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2
1 .  (3. 11) 
The range of E  lies between 1 and -∞. An efficiency lower than zero indicates that 
the mean value of the observed values would have been a better predictor than the 
model. It is better to be close to one which is the perfect fit. Values equal to zero  
 
indicate that the model is predicting no better than using the average of the observed 
data, therefore, any positive value above zero suggests that the model has some 
utility, with higher values indicating better model performance. 
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4 Results and discussion 
4.1 Summary 
This chapter is centred on assessing the ability of a simple water balance model to 
reproduce measured data from a micro-water harvesting system. The optimization of 
the model parameters was done by the least squares method while the performance 
of the model was assessed by using the criteria discussed in section 2.5. Finally the 
ratio of catchment and cultivated area was also evaluated to see if the system was 
performing to the level required for water availability and crop production. 
4.2  Water Conservation: 
It is assumed that prior to the different soil treatments being setup the initial soil 
moisture content was the same for all the soils of the experiment before the winter 
rainfall season began. The first readings were taken late in December 1996 after 
37.1 mm of rainfall was received during November and first two weeks of December. 
The last readings were taken in May 1997. The average values obtained from the 
different treatments across the replicates of T1S1, T1S2, T1S3, T2S1, T2S2, and 
T2S3 were 199, 241, 211, 152, 145 and 158 mm respectively. The highest amounts 
of water storage were obtained on the 28th of January and 5th of March with the 
values for the above treatments being 305, 374, 363, 284, 282, and 321 mm 
respectively during January, and 288, 366, 370, 281, 277, and 334 mm respectively 
during March. This was due to high amount of rainfall during these two periods 
(Figure 4.1). 
Figure (4.2) shows the total amount of water stored as affected by T1 (compacted) 
with cultivated treatment S1 (disturbed), S2 (stones), and S3 (crop residue). T1S2, 
T1S3 were more efficient in storing water than T1S1, this was due to less 
evaporation from the soil surface as affected by mulching. The amount of water that 
was stored by T1S1, T1S2 and T1S3 in the first readings which was taken on the 21st 
of December were 199, 241, and 211 mm respectively. 
Chapter 4                                                                                                                       Results and discussion 
Soil water conservation and water balance model for Micro-catchment water harvesting system 87 
 
Dec96 Jan97 Feb97 Mar97 Apr97 May97 Jun97
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
date
w
a
te
r 
c
o
n
te
n
t 
m
m
/m
m
 
 
t1s1
t1s2
t1s3
t2s1
t2s2
t2s3
 
Figure 4.1: Total water content (mm/mm) for all treatments in size1 plots 
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Figure 4.2: Total water content (mm/mm) for T1S1, T1S2, and T1S3 in size1 plots 
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The highest amount of water stored on the 28th January, where T1S1, T1S2 and 
T1S3 had 305, 374, and 363 mm respectively. While at the end of the season, the 
same treatments had 200, 260, and 280 mm respectively. It was very clear that using 
mulch conserved more water by increasing infiltration and decreasing evaporation. 
Stones or crop residue insulated the surface from severe climatic effects, especially 
the temperature, where it reduced the energy absorption. The same trend was 
obtained in Figure (4.3) when comparing the effect of the different cultivated 
treatments with natural (T2) runoff surface. 
Figure (4.4) indicated that T1S2 (compacted with stones) conserved more water than 
T2S2 (natural with stones). The amount of water that T1S2 and T2S2 conserved 
during the few rainfall events was 241 and 145 mm respectively. The previous results 
indicate that T1 (compacted) diverted much more water from the catchment to the 
cultivated area than T2 (natural). This was due to the higher bulk density for T1, 
which resulted from the compaction effect resulting in the infiltration rate being lower 
in T1 compared with T2. The highest amount stored was on 28th of January where 
T1S2 and T2S2 stored 374 and 282 mm respectively. While at the end of the season 
T1S2 and T2S2 contained 260 and 212 mm respectively. While Figures (4.5, 4.6) 
shows a similar trend to that of Figure (4.4), the differences between the treatments 
are not as marked. 
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Figure 4.3: Total water content (mm/mm) for T2S1, T2S2, and T2S3 in size1 plots 
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Figure 4.4: Total water content (mm/mm) for T1S1, T2S2 treatments in size1 plots 
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Figure 4.5: Total water content (mm/mm) for T1S3, T2S3 treatments in size1 plots 
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Figure 4.6: Total water content (mm/mm) for T1S1, T2S1 treatments in size1 plots. 
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In size 2 plots the same trends were found, but with little differences. Figure (4.7) 
indicates that T1S1 (compacted with disturbed), T1S2 (compacted with stones) and 
T1S3 (compacted with crop residue) were more efficient at the beginning of the 
season than T2S1 (natural with disturbed), T2S2 (natural with stones) and T2S3 
(natural with crop residue), the amount of water that T1S1, T1S2, T1S3, T2S1, T2S2 
and T2S3 stored were 298, 248, 277, 223, 176 and 179 mm respectively. Also, 
results indicate that T1S2 (natural with stones) stored more water than T2S2 
(compacted with stones) Figure 4.11. At the beginning of the season T1S2 and T2S2 
stored 248, 176 mm respectively. The highest amount of water stored was on 28th 
January, were T1S2 and T2S2 stored 360, 240 mm respectively. 
The rest of the figures (Figures 4.8-12) are related to size 2 plots, where it is 
indicated that T1 (compacted) had mostly the best trend. S2 (stones), and S3 (crop 
residue) performed very well throughout the season due to their albedo protecting the 
soil surface from radiation which in turn reduced the amount of evaporation. S3 (crop 
residue) conserved more water at the end of the season Figure (4.12) as also it has 
higher infiltration than S2. According to the results, soil water measurements 
indicated that T1 (compacted) was more efficient in water harvesting at the beginning 
of the season as it has a higher bulk density, thus it decreased the infiltration rate, 
and eventually increased the runoff to the cultivated area. So, more water was 
harvested. Later on T1 and T2 acted like each other due to crust formation in both 
treatments. On the other hand, results related to the cultivated treatments indicated 
that using stones and crop residue as mulch, on the surface of the soil, were more 
efficient than the disturbed treatment. This was because mulching increased soil 
water storage, increased infiltration, and eventually reduced evaporation and 
controlled the daily temperature fluctuation. Mulches can increase infiltration rate by 
intercepting and absorbing raindrop impact, and impeding lateral flow of excess 
surface water. Thus, it preserved the structure of immediate soil surface, held excess 
water in contact with soil surface longer and allowed more infiltration (Adams, 1966) 
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Figure 4.7:  Total water content (mm/mm) for all treatments in size 2 plots 
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Figure 4.8: Total water content (mm/mm) for T1S1, T1S2, and T1S3 treatments in 
size 2 plots 
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Figure 4.9: Total water content (mm/mm) for T2S1, T2S2, and T2S3 treatments in 
size 2 plots 
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Figure 4.10: Total amount of water (mm/mm) for T1S1, T2S1, treatments in size 2 
plots 
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Figure 4.11: Total amount of water (mm/mm) for T1S2, T2S2, treatments in size 2 
plots 
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Figure 4.12: Total amount of water (mm/mm) for T1S3, T2S3, treatments in size 2 
plots. 
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4.3  Comparison of the water harvesting with the normal area 
Table 4.1 shows a comparison of the water storage in the soil profile between the 
runoff and run-on areas for both size 1 and 2 plots under the T2S1 (natural soil with 
no mulch) treatment. Clearly the T2S1 treatment has been very successful in 
converting rainfall into runoff, transferring this to cultivated area and storing the water 
in the soil profile. At every single measurement date, water storage in the cultivated 
area is always at least a factor of two larger than in the runoff area, and as much as a 
factor  of 6 on occasion  (28/05/97, size 1). Table 4.1 therefore shows that a micro-
catchment water harvesting system is able to make a substantial and significant 
increase to the amount of available soil water for crop and plant growth in semi-arid 
regions.  
Table 4.1 only provides data for the natural treatment of both runon and runoff area, 
as this can results in the least differences in stored water below the surface. For 
other treatments the differences between water stored below the runon and runoff 
areas is greater. 
 Table 4.1: Total water content (mm) in one meter depth of soil below runoff and run-
on areas, for T2S1 treatment (natural conditions)   
Date of Reading 
Treatment = natural with no mulch 
Negarim (size1) Negarim (size 2) 
Runoff area* (mm) Run-on area (mm) Runoff area* (mm) Run-on area (mm) 
26/02/97 97 274 125 328 
14/03/97 115 338 113 264 
26/03/97 107 269 105 319 
02/04/97 96 238 116 300 
14/04/97 73 243 109 311 
23/04/97 64 208 113 302 
30/04/97 52 218 112 299 
07/05/97 51 215 114 300 
14/05/97 51 214 117 282 
21/05/97 50 203 126 277 
28/05/97 34 200 107 272 
* There is no change in soil moisture content below 60 cm before and after the winter 
season 
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4.4 Results in view of moisture content and physical properties  
4.4.1  Soil moisture content 
 
The total water content that has been measured for all treatments indicated that 
water harvesting system is an effective one compared with the natural area. 
Throughout the season measurements on total water volume were attained for all 
treatments on 25 separate days. From the data the average amount of water 
stored/day throughout the season could be calculated and the results are presented 
in Figure (4.13). The error bars are calculated using two standard errors (
rSE ), 
where
rSE  is given by: 
s
d
r
n
S
SE      ,                                                                                                         (4.1) 
where 
dS  =   the standard deviation, 
sn  =   the number of samples = 25. 
Although there were mostly no significant differences between many treatments 
some of them performed much better than the others. For example; T1S2 and T1S3 
were more efficient than the rest of the treatments in size 1 plots while all treatments 
performed significantly better than T2S2 in size 2 plots. (Figures 4.13, 4.14). 
However there was basically no difference at the 95% confidence level between the 
size 2 treatments (Figure 4.14). Much of the water was diverted to cultivated area as 
a result of compaction process in size 1 plots, when soil particles are pressed 
together, reducing the pore space which increase the bulk density. The higher bulk 
density for compacted plots leads to low level of infiltration which in turn encourages 
the runoff process from the catchment area. The amount of water in size 2 plots was 
generally larger than that in size 1 plots. This is most likely due to the greater slope in 
size 2 plots (5%) as compared to size 1 plots (2%), as well as the size catchment 
area being smaller resulting in shorter overland flow times and therefore less 
infiltration in the runoff area.. However there is of course a cross-over point where the 
plot size is too small to capture enough runoff. So runoff was affected by the 
catchment area treatments and water conservation was affected by cultivated area 
treatments, as the surface mulch in the cultivated area helps in conserving water in 
the soil profile by providing a barrier at the soil surface to evaporation. Plant residues 
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and gravels reduce soil water evaporation by insulating the soil from the radiation 
and by slowing air movement over the soil surface, thus reducing the transfer of 
water vapour from the soil to the air. Surface residue allows more time for water to 
infiltration and storage, gravel cover decreases the area of soil surface available for 
evaporation and increased the resistance to water vapour transfer within the mulch 
layer.  
 
 
Figure 4.13: Soil moisture content in size 1 plots 
 
 
Figure 4.14: Soil moisture content in size 2 plots 
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4.5  Soil Physical properties 
As shown in Table 3.1 the bulk density for the compacted treatment was higher than 
for natural treatment, in the top layer of both treatments (0-10 cm) where it was 1.64 
g/cm³ and 1.21 g/cm³ respectively. The effect of compaction upon a soil is to 
increase the soil density as a result of applied loads or pressure and decreases the 
total porosity, and therefore the volume of the large interaggregate pores. 
Compaction also results in a decreased infiltration rate which in turn increased runoff 
from the compacted area. The same results were realised when the natural soil 
profile was covered by a surface crust of lower conductivity. The infiltration rate was 
lower than that of the uncrusted soil. In this case, the compacted area and the natural 
one acted relatively like each other, due the presence of the crust. Crust formation 
occurred by the combined action of kinetic energy of falling drops and the dispersion 
effect of rain, this soil forms a hard crust on its surface on drying after rain showers 
due to reorientation of dispersed soil particles on wetting and differential 
sedimentation. Crust formation is the controlling factor for runoff generation in semi-
arid catchments; the susceptibility to crust formation is common in many arid and 
semi-arid regions, where soil surface is characterized by low organic matter, high silt 
content and low aggregate stability.  
 
Measurements of the infiltration rate at the beginning of the season showed that the 
infiltration rate was lower in the compacted treatment compared with the natural one 
(Figure 4.15). Thus, runoff was increased from compacted area due to its higher bulk 
density, resulting in higher water harvesting. The compacted area was more efficient 
in producing runoff than the natural treatment, but this difference decrease over time 
due to crust formation in both treatments. However the compacted treatment still had 
a higher volume of stored water content in the soil resulting from the pre crust 
formation period. Measurements of the bulk density of the natural and compacted 
treatments at the end of the season were 1.13 and 1.14 gm cm³ respectively 
Appendix (6.6). 
Various theoretical infiltration laws (eg Parlange et al., 1982) have been developed 
over the years, which when fitted to data, determine both the saturated hydraulic 
conductivity ( SK ) and sorptivity ( pS ) of the soil. In particular Parlange et al (1982) 
present a three parameter law which very accurately captures the infiltration 
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characteristics across a wide range of different soil types. Unfortunately the three 
parameter law requires knowledge of unsaturated hydraulic conductivity of the soil. 
As this data is not available the simpler Green and Ampt (1911) infiltration equation 
will be used. Let G  be the cumulative infiltration and dtdGg /  the infiltration rate, 
then following the Green and Ampt approach,  tG  and  tg  are given by 









2
1
1
2
1
2
1ln
2
p
p
S
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S
GtK   ,                                                                        (4.2) 
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S
Kg
p
     ,                                                                                    (4.3) 
where iS KKK 1  with iK   being the conductivity of the soil at initial moisture 
content. To determine pS  and 1K  , (4.2) is curve fitted to cumulative infiltration data 
as shown in Figure (4.15). The resulting values are tabulated in Table 4.2 with a 
comparison against the infiltration data given in Figure (4.16) for all of the three 
treatments. 
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Figure 4.15 : Cumulative Infiltration for compacted, natural, cultivated, stones, and 
crop residue treatments 
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Figure 4.16 : Infiltration rate for compacted, natural, cultivated, stones and crop 
residue treatments 
 
 
 Table 4.2: Saturated conductivity and Sorptivity for catchment and cultivated 
treatment 
Treatment 
SK  (cm/hr) pS  (cm/hr 
½) 
Compacted 0.78 0.21 
Natural 0.76 0.39 
Cultivated 0.76 0.32 
Stones 0.42 0.26 
Crop residue 1.32 0.25 
 
Due to a negative impact on infiltration rate as mentioned before, the existence of 
gravel at the soil surface intercepts rainwater and reduces the surface area available 
for infiltration rate allowing for more evaporation losses. Crop residue helps slow 
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down surface runoff velocities, improves water infiltration, increases soil organic 
matter levels, improves water holding capacity and reduces surface sealing so can 
be stated that results in Fig. 4.15&4.16 support the explanation of the effect off 
mulches on the surface of run-on area. 
 
Soil texture analysis showed that the soil type in the experimental area is silty clay 
(Table 3.2) and (Figure 4.17). This type of soil is characterized by a higher storage 
than sandy soils for example; sand fraction was very low in the experimental area, a 
higher retention of water was due to high total micropores in the soil profile as it has 
a high amount of silt and clay. Soil texture of the micro-catchment must have a 
suitable water holding and infiltration capacities. Normally, soils with good physical 
properties allow rainfall to infiltrate rapidly. Sandy soils may have insufficient water 
holding capacity within the soil profile due to a low total micropores while fine texture 
soils does not allow sufficient water to infiltrate, thereby increasing losses due to 
evaporation. Appendix (6.8) shows a high porosity in the experimental area.  
An ideal soil for the catchment area will form a seal or a crust, and then becomes 
impermeable during rainfall. With sandy soils, the runoff from the catchment area will 
be low making the area unsuitable for water harvesting due to high macropores 
which allows water to infiltrate rabidly through the soil profile. 
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Figure 4.17: Soil texture analysis 
 
 
4.6   Optimization using the least squares approach 
 
In this study a deterministic simple water balance model is developed, which is 
thoroughly tested to see if it can reproduce the two micro-catchment, catchment 
responses utilizing only limited available information. Because of the sparseness and 
limitation of available data, particularly in arid and semi-arid regions, a simple daily 
water balance is calibrated against two micro-catchment water harvesting systems in 
the Northern part of Jordan. Therefore, the objective of calibration (parameter 
optimization) of the model of a physical system is to identify unknown parameters 
values by comparing predicted model output against the measured data.  
 
Across all  the water balance combinations considered in this thesis, there are seven 
parameters which are not measured and need to be optimized and are given by CN , 
S , i ,  , r , pK , sk , and N.  
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4.6.1   Size 1 micro-catchments 
Final parameters values of the water balance model combinations (3.6) after 
performing the least squares approach is presented in (Table 4.3). It is noted 
thatCN , r and i  were allowed to vary in the CN  (2.17, 2.18 and 2.19) and Penman 
(2.24) combination, where the initial estimate of parameter CN  was taken equal to 
86, r was 0.05 and i  was 0.2. For theCN  and the Priestley and Taylor combination 
(2.34) all parameters were allowed to vary, the initial estimate of parameter   was 
taken equal to 1.04 while CN  and r estimates were taken according to the 
performance of optimization approach and i  was taken equal to 0.2. In theCN and 
class A pan combination all parameters were allowed to vary, the initial estimates of 
CN , i , pK , sk  and N  were taken equal to 70, 0.2, 0.30, 0.80, and 2 respectively. 
Appendix (6.9) shows all the meteorological data which were used in all 
combinations.   
 
It is evident from Table (4.3) that the CN  values for the compacted treatment are 
relatively higher than natural ones; this means that compacted catchments generated 
much runoff comparing with natural treatment. The values of r  in Penman and 
Priestley and Taylor approach were mostly close to the upper boundary, r  values 
range from 23- 33 according to the literature, and  there is a slight difference between 
all treatments which indicate different albedos according to different type of mulch 
which are natural, stones and crop residue. The radiation reflection coefficient r  of 
the surface is a dimensionless fraction, it is ranges between 0.22 to 0.32 for a 
cropped surface (Ismail, 1993), Simulating”a natural” soil surface with the albedo 
varying from a minimum at 0.1 to a maximum of 0.35 ( Hillel, 1998). 
 
The values of  reported in the literature vary from 1.04 up to 1.7 which correspond 
to the normal range for arid regions (ASCE 1990). pK  varies between 0.35 and 0.85 
with an average of 0.70 (Chritchley and Siegert 1991), this average can be used if 
the actual pan factor is not known, sk  for the conditions in that area was estimated at 
1.0 (Oweis and Taimeh 1996). Based on the discussion presented by Hillel et al 
(1982) and quoted by Owies and Taimeh (1996), N  was estimated at 2 for the soil 
type of area of interest. Tale 4.3 clearly shows that our estimated values are 
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consistent with values reported in the literature for conditions similar to the 
experimental site. 
 
In general the results of predicted water storage from all treatment showed that there 
is a fair agreement with measured data (Figures 4.18, 4.23) when using the CN  and 
Penman or CN  and Priestley and Taylor combinations. A similar level of agreement 
when using the CN  and Class A pan combination (2.49 ). 
The main difference between using the different evaporation models is that the 
Penman and Priestley and Taylor formulas are estimating a potential evaporation 
based on the atmospheric conditions. This is evident from the almost constant 
evaporation curves through the entire season for all treatments as shown in Figures 
4.18 to 4.23. However while more empirical in its derivation, the Class A pan model 
tries to account for an evaporation that moves from being atmosphere controlled to 
soil controlled as the surface of the soil becomes drier. This can be seen by the much 
lower evaporation curves for t > 60 days and for t between 15 and 25 days. On the 
negative side though it does tend to predict higher amounts of evaporation on days 
during periods when rain showers have fallen. The consequence of this is that with 
the Class A pan estimates, the water balance model estimates greater runoff during 
rainfall periods than with either Penman or the Priestley and Taylor estimates. 
Secondly with the Class A pan evaporation component, the water balance model 
also predicts very little runoff for t > 60 days as compared to predictions using 
Penman or the Priestley and Taylor formulations. 
There was a continuous amount of runoff for t =5 days due to the continuity of 
rainfall, this is normal situation at this time of the season while the drop of runoff for t 
around 60 days was due to the higher amount of evaporation as a result of higher 
amount of short wave radiation received (there were 2076 and 2001 (J cm2 day-1) in 
both dates respectively) and relatively higher wind speed (16 m/s), also may be due 
to the initial abstraction because  there was 11 days since last wetting. The drop of 
evaporation for t  = 45 days was due to the low amount of short wave radiation which 
was (654 J cm2 day-1) refer to Appen.(6.10). Penman method requires meteorological 
data, it is crucial that data to be accurate to get a reasonable estimation of 
evaporation. Weather data are not always available for many locations; this is true in 
developing countries where reliable weather sets of radiation, relative humidity, and 
wind speed are limited, moreover, empirical approximations are used instead of real 
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data, thus, the results could be affected and this is to be reflected in the final output 
of the model. Pan evaporation is required because of lacking of meteorological data, 
simplicity of technique, low cost and ease of application in determining crop 
requirements. 
Both potential and reference evapotranspiration are potential estimators of 
evaporation but apply under different assumptions, potential evapotranspiration is not 
related to a specific crop while in reference evapotranspiration the grass is 
specifically defined as the reference crop. The main goal is to secure sufficient 
amount of water to meet the crop water requirement whether using actual or potential 
evaporation or both, Potential evaporation is considered as the maximum level of 
actual evaporation. By having a water harvesting system the crop water requirements 
were achieved under both actual and potential evaporation. Refer to section 4.8.1, it 
is apparent that the water balance model has in general a robust performance 
according to all criteria by using CN & Penman method, the same trend was obtained 
with a slight difference when using CN& Priestley &Taylor method, the model also 
gave a reasonable agreement with the data from most treatments by using CN& 
Class A Pan method. 
Water stored at greater depths and using mulch at the soil surface will result in water 
being less vulnerable to evaporation and allows more harvested water to be used for 
transpiration.It is possible to use other models to convert potential evaporation to 
actual evaporation, such as using Kc of the crop which is divided into two separate 
coefficients, a basal crop coefficient for transpiration (Kcb), which describes plant 
transpiration, and a soil evaporation coefficient (Ke),which describes evaporation 
from the soil (Kc= Kcb+Ke). A reduction factor (ks (0-1) )can be used when soil water 
storage in the root zone has been depleted under a threshold value that separates 
weather controlled constant rate from soil profile controlled falling rate 
evapotranspiration. Thus, the final equation for the actual crop evapotranspiration 
calculation is written as follows: 
psact ETKeKcKET )(*   
Granger and Gray (1989) derived a modified form of Penman‟s equation for 
estimating the actual evaporation from different non/saturated lands as follows: 
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anact E
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G
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

 



  
Where G is dimensionless relative evaporation parameter 
 
In the end it didn‟t seem to matter that much on model performance in terms of 
predicting water storage.  This is perhaps an indication of the crudeness of the 
model, and/or lack of sufficient reliable measured data for validation.  It is also an 
indication of that with enough parameters to curve fit it can overcome a lack of 
physics. 
 
 
 
 
 Table 4.3: Parameters values of different combinations in size1 plots .  
Treatments 
CN + Penman CN + Preis.&Taylor CN + A Pan 
CN  i  r  CN  i  r    CN  i  pK  sk  N  
T1S1 86 0.2 0.33 90 0.2 0.30 1.7 88 0.19 0.33 0.86 1.6 
T1S2 86 0.2 0.31 90 0.2 0.32 1.6 83 0.2 0.35 0.77 1.5 
T1S3 84 0.2 0.30 94 0.2 0.27 1.2 80 0.21 0.34 0.81 1.6 
T2S1 86 0.2 0.30 89 0.2 0.29 1.7 79 0.2 0.41 0.80 1.6 
T2S2 85 0.2 0.26 87 0.2 0.31 1.2 74 0.22 0.37 0.71 1.5 
T2S3 84 0.2 0.25 90 0.2 0.33 1.2 77 0.23 0.25 0.85 1.4 
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Figure 4.18: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S1 in size  
1 plot using different combinations 
CN +KPC 
CN +PreistlyB 
CN+PenmaA 
CN+PenmaA 
CN +PreistlyB 
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Figure 4.19: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S2 in size 
1 plot using different combinations 
CN+Penman A 
 
CN+Penman A 
CN +PriestlyB 
CN +PriestlyB 
CN+KPC 
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Figure 4.20: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S3 in size 
1 plot using different combinations 
CN + PenmanA 
CN + PenmanA 
CN + PriestlyB 
CN + PriestlyB 
CN + KPC 
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Figure 4.21: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S1 in size 
1 plot using different combinations 
CN +PenmanA 
CN +PenmanA 
CN +PriestlyB 
CN +PreistlyB 
CN +KPC 
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Figure 4.22: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S2 in size 
1 plot using different combinations 
 
 
 
CN+ PenmanA 
CN+ PenmanA 
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Figure 4.23: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S3 in 
size1 plot using different combinations 
CN + PriestlyB 
CN + PriestlyB 
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B 
CN + KPC 
CN+Penman A 
CN +PenmanA 
Chapter 4                                                                                                                       Results and discussion 
Soil water conservation and water balance model for Micro-catchment water harvesting system 113 
 
4.6.2  Size2 micro-catchments 
The trend that found in size 2 plots was differing than that in size 1 plots. Some 
parameters are slightly higher and some are lower.  The slightly different CN  values 
in size 1 plots could be referred to different amount of runoff that was generated in 
both sizes. 
Final parameters values of water balance model combinations after performing the 
least squares approach are presented in (Table 4.4), It is noted that CN , i , and r 
were allowed to vary in CN  and Penman combination, the initial estimates of the 
parameter CN  was taken equal to be 86, r  equal to 0.1 and i equal to 0.2. For CN  
and Priestley and Taylor combination   was allowed to vary, the initial estimate was 
taken equal to 1.04 while CN  and r  estimates were taken according to the 
performance of optimization approach to reach the best agreement between 
observed and estimated values, and i  was taken equal to 0.2. In CN  and class A 
pan combination all parameters were allowed to vary, the initial estimates of CN , i , 
pK , sk  and N  were taken equal to 72, 0.2, 0.32, 0.90, and 2 respectively. 
 
It is evident from Table that CN  values for compacted treatment are relatively higher 
than natural ones, this means that compacted catchments generated much runoff 
comparing with natural treatment. The values of r in Penman and Priestley and 
Taylor approach were lower than that in size1, this referred to different sizes in both 
locations. There is also a slightly difference between all treatments which indicate 
different albedos. Regarding r  values, It is slightly difficult to discuss meaningful 
trends in the parameter values between treatments as all parameter values are 
optimized over the entire year; the effects of season are not included. However the 
parameter values found are in the range of typical values in the literature. r is an 
important characteristic of soil surfaces; it can vary widely in the range of o.10 to o.40 
(Hillel, 1998). For dark clay soil r ranges from 0.15 to 0.30 and for bright sand r 
ranges from 0.16 to 0.42 (Qui, et al., 1999). According to Tsvetsinskaya, et al.(2002) 
r ranges from extremely bright  which is 0.50 to darker mode which is 0.20. States 
(2005) indicated three types of r, the thin band ranges from 0.20 to 0.25, the next 
band ranges from 0.25 to 0.30 and the last band ranges from 0.30 to 0.35. According 
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to Piggin and Schwardtfeger (1973) r ranges from 0.13 to 0.25 for wheat crop and 
from 0.14 to 0.36 for barley crop. 
As such we feel that model is producing realistic and comfort parameter values 
considering that we are using rather sparse data and ignoring the effect of season 
 The values of   were in the range which is varying from 1.04 up to 1.7 in arid 
regions.  
 Table 4.4: Parameters values of different combinations in size 2 plots   .  
Treatments 
CN + Penman CN + Preis.&Taylor CN + A Pan 
CN  i  r  CN  i  r    CN  i  pK  sk  N  
T1S1 86 0.2 0.25 93 0.2 0.25 1.5 94 0.16 0.28 o.71 1.7 
T1S2 86 0.2 0.25 92 0.2 0.27 1.2 97 0.17 0.24 0.87 1.7 
T1S3 91 0.2 0.28 92 0.2 0.28 1.4 88 0.19 0.31 0.81 1.9 
T2S1 86 0.2 0.25 90 0.2 0.26 1.2 93 0.14 0.24 0.83 1.8 
T2S2 86 0.2 0.23 91 0.2 0.28 1.2 86 0.16 0.30 0.66 2 
T2S3 86 0.2 0.21 90 0.2 0.30 1.03 74 0.2 0.26 0.63 2 
 
The same trend was found in size 2 plots, the results of predicted water storage from 
all treatment showed that there is a good agreement with observed ones when using 
CN  and Penman, CN  and Priestley and Taylor combinations and CN  and Class A 
pan combination, the situation is slightly different when using CN  and Class A pan 
combination; there was a good trend and obvious closeness between observed and 
estimated values. It has a better agreement than as it was in CN  Penman and CN 
Priestley and Taylor combinations. Again, the water balance model performed quite 
well in terms of matching predicted and observed water storage in all treatments in 
size 2 plots (Figures 4.24-29 a&b) 
Due to the lack of comprehensive data; a simple deterministic lumped water balance 
model was used which implies that it would not be very effective in highlighting the 
differences between all treatments. However the benefit of this model is that it can be 
implemented with limited data especially when dealing with open field work which 
could be another factor in this matter. Open field work cannot be completely 
controlled. 
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CN +PenmanA CN +PenmanA 
CN +PriestlyB CN + PriestlB 
CN +KPC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S1 in 
size2 plot using different combinations 
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Figure 4.25: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S2 in 
size2 plot using different combinations 
CN +PenmanA CN +PenmanA 
CN + KPC 
CN +PriestlyB 
CN +PriestlyB 
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Figure 4.26: Stored water volume (mm) and Rainfall, Ea and R (mm) for T1S3 in    
size2 plot using different combinations 
 
CN +PenmanA CN +PenmanA 
CN + PriestlyB CN + PriestlyB 
CN +KPC 
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Figure 4.27: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S1 in 
size2 plot using different combinations 
CN + KPC 
CN +PenmanA 
CN +PenmanA 
CN + PriestlyB CN + PriestlyB 
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Figure 4.28: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S2 in 
size2 plot using different combinations 
CN +PenmanA CN +PenmanA 
CN + PriestlyB CN + PriestlyB 
CN +KPC 
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Figure 4.29: Stored water volume (mm) and Rainfall, Ea and R (mm) for T2S3 in 
size2 plot using different combinations 
CN +PenmanA CN +PenmanA 
CN + PriestlyB 
 
CN + PriestlyB 
CN + KP 
C 
CN + KPC 
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Appen. 6.9 indicated that KP coefficient can be less than the standard 
recommendations in the literature; it was calculated for the experimental area by 
equation (2.50). KP varies depending on the climate and the type of the soil  cover 
surrounding the pan, in areas with no agricultural development and extensive area of 
bare soils as found in arid and semi-arid conditions the values of KP given for arid , 
windy areas may reduced  by up to 20 percent ( Doorenbos and Pruitt, 1977). The 
corresponding equations that used for the KP calculation may not be sufficient to 
consider all local environment factors and that local adjustment may be required.  
Runoff is affected by micro topography, growth of natural vegetation, and variability 
and spatial distribution of the soil properties, variability between plots and between 
events at the same plot, the effect of spatial arrangements of variable infiltration 
capacity along the slope, and rainfall distribution are the reasons behind allowing CN 
parameters to vary between different plots. Soil water contents decreased slowly with 
time under mulches, the evaporation processes under mulches were much more 
stable as compared with that from bare soil surface(Cuiping, et al. 2009). The 
moisture in mulch treated top soil was greater in comparison to bare soil during early 
stage evaporation, and different mulch materials have different effects on soil 
conditions and their effect on soil temperature varied with treatments and time (Yan-
Min Yang, et al. 2006). The albedo depends on the changing wetness of the exposed 
soil (Jackson, et al., 1974) and varies according to the colour, roughness, and 
inclination of the surface (Hillel, 1998). The Pan coefficient also varies depending on 
the climate such as wind speed and relative humidity and on the type of the soil 
cover surrounding the pan. 
 
4.7 Sensitivity analysis: 
 
Sensitivity analysis of model parameters is used to quantify the impact of single 
parameters on the model results. It allows identifying those parameters which should 
be preferentially considered during a model optimization procedure (Kirkby, et al. 
1993). 
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The classical single-parameter sensitivity analysis investigates the influences of only 
on parameter (Anderson and Brut 1995) by changing its value to some defined 
amount (e.g., ± 5% and 10%) and quantifying the change of model response. 
A sensitivity analysis of CN  parameter was conducted to clarify the effect of changes 
of baseline values as presented in the previous section, sensitivity was calculated 
using the relative sensitivity index ( RSI ) ( Lenhart et al., 2002). Soil moisture content 
as the output of water balance model was used to quantify the change of the model 
response to the change of baseline values of different parameters which was 
computed as follows. 
 

 


spo
j
jjj
jjj
xxy
yyy
RSI
int
1 001
001
/)(
/)(
 
 
Where “points “is the number of data points simulated through the time, 0X  is the 
initial value of the parameter (baseline parameter) and 0Y  is the corresponding output, 
1X  is the tested value of the parameter and 1Y  is the corresponding output. The 
calculated values of RSI  for CN  changes are presented in Tables (4.5 and 4.6 ) 
while the calculated values of RSI  for aI , KP , ks , N , r , and   changes are 
presented in Tables (4.7- 4.12) respectively. 
Table  4.5: RSI values at different levels of CN  baseline for CN  and Penman 
Treatment +10% +5% -10% -5% 
TISI 1.58 0.8 1.6 0.05 
TIS2 2 0.9 2.1 0.03 
T1S3 2.5 1.25 1.8 1.6 
T2S1 2.02 0.87 1.3 0.06 
T2S2 2 0.84 1.3 1.2 
T2S3 2.89 1.38 2.9 0.04 
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Table  4.6: RSI values at different levels of CN  baseline for CN  and A Pan 
Treatment +10% +5% -10% -5% 
TISI 2.9 2.2 1.6 1.2 
TIS2 2.8 2.3 1.8 1.0 
T1S3 1.3 1.o8 2.2 1.4 
T2S1 2.1 1.55 1.8 1.02 
T2S2 1.3 1.1 2.6 1.4 
T2S3 3.8 1.07 2.4 1.6 
 
 
Table  4.7: RSI values at different levels of aI  baseline for CN and Penman 
Treatments +10% +5% -10% -5% 
T1S1 0.308 0.30 0.289 0.279 
T1S2 0.301 0.299 0.284 0.279 
T1S3 0.294 0.287 0.278 0.271 
T2S1 0.318 0.309 0.295 0.287 
T2S2 0.293 0.286 0.279 0.269 
T3S3 0.282 0.279 0.269 0.263 
 
 
Table  4.8: RSI values at different levels of KP  baseline 
Treatments +10% +5% -10% -5% 
T1S1 0.928 0.605 0.548 0.912 
T1S2 0.882 0.595 0.538 0.897 
T1S3 0.905 0.600 0.543 0.905 
T2S1 0.915 0.606 0.549 0.931 
T2S2 0.931 0.607 0.549 0.915 
T3S3 0.937 0.611 0.553 0.937 
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Table  4.9: RSI values at different levels of ks  baseline 
Treatments +10% +5% -10% -5% 
T1S1 0.517 0.490 0.444 0.423 
T1S2 0.539 0.512 0.463 0.441 
T1S3 0.583 0.553 0.500 0.477 
T2S1 0.492 0.466 0.422 0.402 
T2S2 0.589 0.559 0.505 0.482 
T3S3 0.617 0.586 0.529 0.504 
 
 
Table 4 .10: RSI values at different levels of N  baseline 
Treatments +10% +5% -10% -5% 
T1S1 0.427 0.560 0.173 0.189 
T1S2 0.532 0.518 0.200 0.136 
T1S3 0.318 0.255 0.397 0.397 
T2S1 0.239 0.366 0.250 0.253 
T2S2 0.398 0.342 0.268 0.327 
T3S3 0.372 0.348 0.341 0.329 
 
 
 
Table  4.11: RSI values at different levels of r baseline 
Treatments +10% +5% -10% -5% 
T1S1 0.31 0.22 0.13 0.10 
T1S2 1.30 1.20 1.20 1.20 
T1S3 2.00 1.90 1.76 1.80 
T2S1 1.07 0.93 0.16 1.25 
T2S2 1.13 1.10 1.00 1.02 
T3S3 0.71 0.68 0.77 0.76 
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Table  4.12: RSI values at different levels of   baseline 
Treatments +10% +5% -10% -5% 
T1S1 0.264 0.228 0.152 0.224 
T1S2 0.388 0.298 0.223 0.180 
T1S3 0.510 0.570 0.427 0.310 
T2S1 0.553 0.474 0.316 0.230 
T2S2 0.857 0.707 0.353 0.310 
T3S3 0.640 0.607 0.268 0.203 
 
 
 
Relative sensitivity scale developed by Storm et al. (1986) is used and described in 
Table (4.13 ): 
Table  4.13: Relative sensitivity scale developed by Storm et al., (1986) 
Scale Relative Sensitivity Index 
Insensitive 01.0RSI  
Slightly sensitive 1.001.0  RSI  
Moderately sensitive 11.0  RSI  
Sensitive 21  RSI  
Extremely sensitive 2RSI  
 
 
It is apparent from sensitivity analysis that the model is mostly sensitive to any 
change of CN and r baseline values while the model is mostly moderately sensitive to 
any change of aI , KP , ks , N , and   baseline values. 
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4.8 Criteria for assessment of the model performance 
As discussed in detail in the Chapter 3 a variety of goodness of fit techniques can be 
used to clarify to what level the model output conforms to the corresponding 
observed data. Efficiency criteria are commonly used in this direction, those criteria 
can provide an objective assessment of the closeness of the predicted or simulated 
behaviour to the observed data. Evaluating the model performance is needed to 
provide a quantitative estimate of the model ability to reproduce historic and future 
catchment behaviour and to secure a means for evaluating improvements to the 
modelling approach through adjustment of model parameter values and model 
structure modifications. 
 
4.8.1 Size1 micro-catchments 
Table (4.14) showed the results of assessing the performance of water balance 
model when applied to size1 plots. Based on using the curve number method to 
calculate the amount of runoff and the Penman equation to calculate the amount of 
evaporation (CN and Penman method), it is apparent that the water balance model 
has in general a good performance according to all criteria. There were some 
differences regarding the treatments that have been used, the model performed 
better in matching the data fromT2S1 and T2S3 than these from other treatments, 
Nash-Sutcliffe Efficiency coefficient ( E ) values were 0.3 and 0.2 respectively. 
 
According to coefficient of determination ( CD ), the model is performing better in 
matching the data from T2S2 and T1S2 treatments, the values of (CD) were 0.9 and 
1.1 respectively. The values of root mean square error ( RMSE ) and relative root 
mean square error ( RRMSE ) show that the model has a good performance for all the 
treatments of catchments and cultivated areas. The range of E  lies between 1.0 and 
-∞, CD ≥ 0 and the perfect fit is when RMSE  and RRMSE  equal zero. 
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Table  4.14: Different criteria values for all treatments in size 1 plots based on the 
CN  and Penman method. 
Treatments E  CD  RRMSE  RMSE  
T1S1 -0.1 1.2 0.2 1.5 
T1S2 -0.1 1.1 0.3 1.4 
T1S3 0.002 1.5 0.3 1.5 
T2S1 0.3 1.7 0.3 1.6 
T2S2 -0.05 0.9 0.2 1.3 
T2S3 0.2 1.6 0.2 1.4 
 
It is apparent from results presented in Table (4.15) that applying the water balance 
model based on using the Curve number method and  the Priestley & Taylor 
methods there was only a slight difference compared with using the CN  and Penman 
methods.  The model reproduced treatments T1S2 and T1S3 quite well with the 
Efficiency coefficients E  being 0.7 and 0.6 respectively. The rest of treatments were 
also modelled reasonably well according to all the criteria. 
 
   Table  4.15: Different criteria values for all treatments in size 1 plots based on 
theCN  and Priestly &Taylor method 
Treatments E  CD  RRMSE  RMSE  
T1S1 -0.1 1.07 0.2 1.4 
T1S2 0.7 1.2 0.2 1.4 
T1S3 0.6 1.3 0.2 1.2 
T2S1 0.2 1.5 0.3 1.6 
T2S2 0.03 1.1 0.2 1.3 
T2S3 0.3 1.2 0.2 1.1 
 
Regarding the CN  and Class A pan combination Table (4.16) showed that the 
optimized water balance model gave a reasonable agreement with the data from 
most treatments. The values of the Efficiency coefficient for T2S1, T2S2, and T1S2 
are 0.14, 0.06, and 0.03 respectively, the coefficient of determination values for T1S3 
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and T2S3 are 0.97 and 1.0 respectively. Values of RRMSE  and RMSE  indicated 
good model performance for all treatments. 
 
Table  4.16: Different criteria values for all treatments in size 1 plots based on CN  
and Class A pan method. 
Treatments E  CD  RRMSE  RMSE  
T1S1 -0.01 1.5 0.28 1.5 
T1S2 0.03 1.4 0.34 1.5 
T1S3 -0.3 0.97 0.28 1.3 
T2S1 0.14 1.9 0.35 1.8 
T2S2 0.06 1.1 0.27 1.4 
T2S3 -0.12 1.0 0.23 1.1 
 
In general; the previous statistical measures and Figures show that the water 
balance model is adequate in representing the performance of the micro-water 
harvesting system according to all the combinations that made up the model. It can 
be concluded also that T1S2 and T1S3 are mostly the best modelled treatments in 
terms of harvesting more water compared with the other treatments, corresponding 
to compacted with stones and crop residue respectively. 
 
4.8.2  Size 2 micro-catchments 
The  performance criteria based on the CN  and Penman combination shows that the 
water balance model performed better in matching the data from T2S1, T2S2, and 
T2S3 treatments than the other treatments (Table (4.17) 
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Table  4.17: Different criteria values for all treatments in size 2 plots based on CN  
and Penman method 
Treatments E  CD  RRMSE  RMSE  
T1S1 -0.3 1.1 0.4 2.2 
T1S2 0.1 1.2 0.3 2.1 
T1S3 -0.2 0.87 0.6 2.9 
T2S1 0.1 1.4 0.3 1.6 
T2S2 0.1 1.4 0.3 1.5 
T2S3 0.2 1.07 0.2 1.4 
 
Table (4.18) however shows that water balance model based on CN  and Priestley 
and Taylor combination reflect a very good model performance for treatments T1S1, 
T1S3, T2S2, and T2S1. The values of the Efficiency coefficient are 0.8, 0.8, 0.7, and 
0.6 respectively. According to the rest of the criteria all treatments were modelled to a 
similar level. 
Table  4.18: Different criteria values for all treatments in size 2 plots based on               
CN  and Priestley and Taylor method 
Treatments E  CD  RRMSE  RMSE  
T1S1 0.8 1.01 0.4 2.4 
T1S2 0.2 1.3 0.4 2.2 
T1S3 0.8 1.01 0.5 2.8 
T2S1 0.6 1.2 0.3 1.6 
T2S2 0.7 1.1 0.2 1.6 
T2S3 0.5 1.1 0.2 1.4 
 
The results of the water balance performance based on the CN  and Class A pan 
combination are shown in Table (4.19) and indicate that T1S3 and T1S1were 
modelled better than the other treatments according to the Efficiency coefficient 
criteria. E  values were 0.9 and 0.8 respectively. The performance of the model for 
treatments T2S1, T2S2, and T2S3 is relatively good with similar efficiency 
coefficients found for all three treatments. 
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In general; it is evident from the results that the performance of the water balance 
model based on all combinations met the performance demands of most of the  
criteria used.  
 
Table  4.19: Different criteria values for all treatments in size2 plots based on CN  
and Class A pan method 
Treatments E  CD  RRMSE  RMSE  
T1S1 0.8 1.1 0.5 2.5 
T1S2 0.19 1.5 0.4 2.2 
T1S3 0.9 0.9 0.8 3.2 
T2S1 0.2 1.6 0.35 1.6 
T2S2 0.28 1.7 0.37 1.7 
T2S3 0.29 1.18 0.31 1.5 
 
 
4.9 Evaluation of Negarim micro-catchments water harvesting system 
In the previous section, the performance of the model was investigated, in this 
section an evaluation of the water harvesting system by three criteria is considered. 
 
Runoff Efficiency: This was determined as the ratio of runoff from each catchment 
area to the amount of rainfall falling on the same area and is given by: 
,100% 
P
R
RE   (4. 6) 
where     RE  = runoff efficiency. 
 
Runoff Storage Efficiency: This measures the efficiency of a treatment to convert 
runoff into storage and was determined as the ratio of the amount of water stored in 
one meter soil depth to the amount of runoff received from each catchment according 
to: 
,100% 
R
RS

  (4.7) 
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where 
RS  = runoff storage efficiency 
  = the amount of water (mm) stored in one meter depth of soil 
 
System Efficiency:This was determined according the following equation: 
 
,100
100
%%
% 


P
RSRE
SE

 (4.8) 
 
where  SE  = the efficiency of the water harvesting system and measures the            
efficiency of the overall system/ treatment to convert rainfall into storage. 
Previously, the water balance model was optimized over a season using the curve 
number method for converting rainfall to runoff. This method is widely used in 
estimating direct runoff because of its simplicity, flexibility and availability of input 
data; it can be used for long-term hydrologic simulation to any basin and also 
provides reasonable simulations with little data.  
 
In this section however the linear regression model as given by (2.8) and (2.9) will 
now be used to transfer rainfall to runoff. In addition only single rainfall events are 
used in the model and estimates of the amount of water harvested are compared 
across the different treatments. This model can be applied for separate storms and 
requires data on storm depth only. It reduces the time scale of time from one year to 
one storm and the space from a large catchment to a micro-catchment. The model 
parameters are based on concepts that are clear and directly verifiable, soil type and 
surface  indicate the magnitude of infiltration loss during runoff which determine ( cR ) 
it is calculated as the average of the whole season events for each treatment , soil 
type and topography indicate  initial infiltration loss and depression storage 
expressed in (  ), it is assumed to be 2 mm( Poers, 1994) for two reasons; the 
compacted and natural surface crust on bare soil which limits infiltration losses, the 
infiltration rate drops rapidly and time to ponding is short, secondly, the smooth and 
2-5 % sloping surface has very little depression storage, also with less available data 
this model can be used. 
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4.9.1 Runoff Efficiency in Size 1 micro-catchments location 
Six events which were the highest ones through the seasons were chosen to 
evaluate the Negrim water harvesting system. The amount of rainfall in these storms 
were: 8.4, 17, 13.4, 27.3, 10.1, and 9.4(mm), and occurred on 21 Dec., 18 Jan., 25 
Jan., 26 Feb., 19 March, and 26 March respectively. A reasonable runoff resulted 
from those events due to the rainfall exceeding the runoff threshold value.  
Figure (4.30) shows the results of the runoff efficiencies obtained for each treatment. 
It can be seen that runoff efficiencies were affected by the amount of storm rainfall 
with the higher values corresponding to storms having a high amount of rain. These 
efficiencies are also affected by the soil surface conditions which cause differences in 
the surface storage and the moisture conditions prior to the storm event. Compaction 
and later crust formation lead to relatively high runoff efficiencies, with crust formation 
having a significant effect on reducing the effects of different treatments the average 
of runoff efficiencies for T1S1, T1S2, T1S3, T2S1, T2S2, and T2S3 are: 64, 89, 77, 
63, 82, and 66% respectively. These mean runoff efficiencies with error bars 
corresponding to two standard errors are given in figure (4.31). It can be stated that 
at the 95% confidence level that the runoff efficiencies for T1S2, T1S3 and T2S2 are 
all significantly greater than that for T1S1,T2S1 and T2S3.There is no significant 
difference between the treatments T1S1,T2S1and T2S2 and it also appears to be no 
differences between T1S2, T2S1 and T2S2  (Figure 4.31). Runoff efficiencies 
depend mainly on runoff area treatments (T1 and T2), compacted treatment will 
make the runoff area more impervious, thus reducing infiltration losses, and 
increasing runoff efficiency. Runoff storage efficiencies depend on both runoff area 
and run-on area treatments (S1, S2, and S3), it can be increased by enlarging the 
storage capacity of the run-on area by achieving deeper infiltration resulted from 
more runoff, so higher runoff efficiency would be needed. Moreover, mulch 
treatments reduce the evaporation, thus storage water will stay longer in the soil 
profile. 
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Figure 4.30: Runoff Efficiencies % for all treatments in size 1 plots 
 
Figure 4.31: Run off efficiency % for all treatments in size 1 plots 
 
4.9.2 Runoff Storage Efficiency in size1 micro-catchments location 
Figure (4.32) shows the computed storage efficiencies according to six events for all 
treatments, the average storage efficiencies of T1S1, T1S2, T1S3, T2S1, T2S2, 
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T2S3 treatments are: 32, 28, 36, 27, 22, and 26% respectively. These results show 
that T1S3 has the highest storage efficiency (compacted catchments area and using 
crop residue as mulch in cultivated area). The variation between treatments is due to 
lateral seepage outside of the cultivated area as the profile in this location contains a 
lot of gravel. Any treatment that produced high runoff at a time when little pore space 
is available in the cultivated area will lead to a low efficiency values. Also differences 
may occur when there are longer gaps between consecutive events which will 
accentuate the effect of different treatments in the cultivated area on evaporation. 
Increased Evaporation rate between events will therefore have a positive effect on 
storage efficiency. The variation of storage efficiencies from as low as 7% to 56% 
show the importance of surface treatments for more efficient amount of harvested 
water, and the ability  to secure a full soil reservoir at the end of the rainy season.  
Figure (4.33) shows there is no significant differences between any of the treatments 
due to the high level of variation between the treatments (Figures 4.32 and 4.33). 
 
Figure 4.32: Runoff Storage Efficiencies % for all treatments in size1 plots 
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Figure 4.33: Runoff Storage Efficiencies % for all treatments in size1 plots 
 
The losses which occurred in the catchment area expressed in the runoff efficiency, 
and those from the cultivated area which include evaporation, drainage and /or 
seepage expressed in the storage efficiency, comprise the total losses in the water 
harvesting system. As more water was conserved the opportunity for drainage to 
occur is increases. 
4.9.3 System Efficiency in size1 micro-catchments location 
Computed system efficiencies from six events for all the treatments are presented in 
Figure (4.34). Results show that T1S2, T1S3, have the highest values. The averages 
of system efficiencies for T1S1, T1S2, T1S3, T2S1, T2S2, and T2S3 treatments are: 
19, 24, 23, 17, 17, and 20% respectively, although there is no significant differences 
between most treatments compaction and mulching treatments appear to give an 
important system performance. System efficiency depends on runoff and storage 
efficiencies. Under natural soil surface the system efficiency varied from 36% for 
T2S3 (event 6) to 6% for T2S2 (event 4). Low values for the natural surface were 
influenced by runoff and not storage efficiency; compacted surface gave relatively 
similar system efficiency to that of natural soil, it varied between 39% and 7%, higher 
runoff efficiency was responsible for the drop of system efficiency. Although it is 
objective to maximize the system efficiency it is more important to maximize the 
storage capacity of the cultivated area which could be attained by maintaining the soil 
Chapter 4                                                                                                                       Results and discussion 
Soil water conservation and water balance model for Micro-catchment water harvesting system 136 
 
reservoir as full as possible at the beginning of the long summer to meet the 
requirement of the crops.  
 
Figure 4.34: System Efficiencies % for all treatments in size 1 plots 
 
Figure 4.35: System Efficiency% for all treatments in Size 1 plots 
 
4.9.4  Runoff Efficiency in size 2 micro-catchments location 
Figure (4.36) shows the computed runoff efficiencies for all treatments, the results 
indicated that T1S1, T1S2, and T1S3 have the highest values, the averages of these 
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treatments are: 81, 80, and 84% respectively while the averages of runoff efficiencies 
for T2S1, T2S2, and T2S3 are: 74, 79, and 78% respectively. The values of runoff 
efficiencies were affected by the size of the catchments, (5.29 m²) and as the 
catchments area is small the effect of natural and the compacted treatment are not 
as significant. This is probably because the soil in this area has a slightly natural 
compaction and the compacted soil returns to its original condition after wetting, the 
slightly higher values for compacted surface comparing with natural surface may be 
due to the smoothing effect of compaction on soil surface, also the effect of crust 
formation in that location should be taken in consideration. It can be conclude that 
the higher values for T1S1, T1S2, and T1S3 comparing with T2S1, T2S2 and T2S3 
respectively did not totally refer to their surface conditions but may be also refer to 
differences in time of concentration as it was not the same at least at the beginning of 
the season and the non-uniform slope of the plots, the slope decreased gradually (5 
to 2 %) from the top to the bottom of the location. 
 
. 
 
Figure 4.36: Runoff Efficiencies % for all treatments in size2 plots 
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Figure 4.37: Runoff Efficiency in size 2 micro-catchments location 
 
It can be seen from figures 4.31 to 4.37 that both size plots exhibit similar trends in 
their  runoff efficiency behaviour. The fact that the large plot has less runoff efficiency 
is consistent with previous findings in the literature by Ben-Asher et al. (1986) who 
also showed a decline in runoff efficiency with catchment area. A consistency as our 
simple model is shown by the relationship between event and runoff efficiency. As 
the rainfall amount in each event increases or decreases, the runoff efficiency also 
increased or decreased consistently across all treatment. Also for events of similar 
size, similar runoff efficiency is also found. Slight differences can possibly be 
explained by differences in the initial moisture contents and the presence of smaller 
rainfall events occurring in between the 6 events presented in figures 5.31 and 5.36. 
4.9.5  Runoff Storage Efficiency in size 2 micro-catchments location 
Computed runoff storage efficiencies for all treatments are presented in Figure (4.38 
and 4.39). The results indicated that T1S3 treatment has the highest value with T1S1 
having the next highest value. The rest of the treatments have lower values of runoff 
storage efficiencies, there are a significant differences between T1S3 and T1S2 
T2S1, T2S2 and T2S3 (Figure 4.39).  
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Figure 4.38: Runoff Storage Efficiencies % for all treatments in size 2 plots 
 
 
Figure 4.39: Runoff Storage Efficiency in size2 micro-catchments location  
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According to the results it is apparent that the size of the runoff catchments (5.29 m²) 
and the values of runoff efficiencies have a clear effect on values of runoff storage 
efficiencies, the higher the runoff efficiency the higher the runoff storage efficiency. 
The existence of calcium carbonate may play an important role because water 
retention is affected by the amount of calcium carbonate which may be existed in fine 
fraction and is responsible in increasing salt content; any increase of runoff amount 
will not lead to higher runoff storage efficiency, storage efficiency also affected by 
higher evaporation rates as more storage space could be created. Longer gaps 
between storms could also lead to high storage efficiency. Runoff efficiency could be 
considered as an indicator of the amount of the runoff that received by the cultivated 
area so the higher the runoff efficiency the higher the runoff which in turn means that 
all pores in the root zone will be filled with water (refer to equations 4.6 and 4.7). 
Figures 4.13, 4.14, 4.30, and 4.37 indicated that results could be explained by either 
runoff depth or runoff efficiencies, the same trends were found in all figures. 
 
4.9.6  System Efficiency in size 2 location 
Figure 4.40 and 4.41 show the results of all treatments. T1S2 and T1S3 have the 
highest values, while the rest of treatments are similar to each other, the averages off 
system efficiencies for T1S1, T1S2, T1S3, T2S1, T2S2, and T2S3 are: 10, 23, 24, 
10, 7, and 8% respectively. Figure (4.41) showed that there is no significant 
difference between T1S2 and T1S3 but they are both significantly different to the rest 
of treatments regarding the system efficiency. 
 
Generally; the efficiencies in size 1 (14 m²) location were affected by catchment size, 
slope which was 2%, crust formation, and the existence of gravels through the soil 
profile. While the story was different in size 2 (5.29 m²) location, the efficiencies there 
were affected by catchment size, the slope which was 5%, crust formation on the 
absence of gravels. In addition to a relatively high level of calcium carbonate, all 
these factors lead to a high retention in this location. In both locations the use of 
mulch in cultivated area has a significant role in soil moisture conservation. 
 
It is important also to clarify the effect of the rainfall threshold which determines when 
runoff can be produced. According to the results, storage efficiency should be 
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enhanced especially at the late period of the season to be sure that there is enough 
water for use. This can be achieved by doing some changes in catchment 
management as the large differences in storage efficiency should be avoided when 
designing a water harvesting system.  
 
Losses through the catchment area were represented by runoff efficiencies while 
storage efficiencies represent the losses from the cultivated area. Low system 
efficiency was influenced by the natural surface while the high system efficiency was 
influenced by treatments that have been done in the catchment and cultivated areas. 
 
Figure 4.40: System Efficiencies % for all treatments in size 2 plots 
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Figure 4.41: System Efficiencies % for all treatments in size 2 plots 
 
When the soil moisture is low, most runoff water has found adequate storage space 
in the soil profile. This is occurred at the beginning of the season. When runoff was 
very high some of the water was lost in lateral seepage outside of the soil profile and 
the efficiency dropped, and therefore treatments which produced high runoff at the 
time when little space was available in the soil profile lead to very low efficiency 
values. The large differences in average storage efficiency show the importance of 
deciding the proper catchment size and surface treatments for more efficient use of 
the harvested water. This suggests that the water harvesting system must be 
designed to avoid filling the root zone too early in the season. Also there is a serious 
risk of not having enough rain late in the season to fill the soil profile, based on this, 
the optimal strategy then is to secure a full soil reservoir at the end of the rainy 
season with maximum possible storage efficiency. This agrees with the findings of 
Owies and Tameh (1996). Boers et al., (1986) reported runoff efficiencies for two 
microcatchment of 125 m², they were 0.26, and 0.15, and the storage efficiencies for 
those catchments were 0.18 and 0.32 while the system efficiency was 0.05. They 
also reported the average value of runoff efficiency for 8 catchments as 0.19. Evinari 
(1971) reported runoff efficiency for 80 m² catchment of 0.27 and 0.30. Oweis and 
Taimeh(1996) reported that the overall efficiency of the system varied from over 85% 
to as low as 7%, this agreed with the present study findings. 
In Mediterranean climates, and during late Spring and Summer, there is a steady 
decline of soil moisture in most of the profile (Young, et at., 2010), so a possible 
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solution to water problems such as high evaporation, deep drainage of rainwater, and 
low or erratic rainfall are as follows: 
Land management practices may have significant beneficial effects upon the 
infiltration, storage, and availability of ground water. The advantages of mulches are 
the same as for crop residues on increased infiltration and soil water availability (Lal, 
1976). They both lower soil water loss by evaporation, less weed incidence and 
water losses by transpiration (Lal, et al., 1980). Enhance soil available water capacity 
by adding organic manure; this is a useful practice for reducing deep drainage 
losses. For low or erratic rainfall, land use should be adapted to climatic conditions 
by matching land use to soil characteristics and conserving water in the soil profile by 
conservation agriculture and soil surface cover such as mulches and crop residue. 
Supplemental irrigation water harvesting system is recommended when inter-
seasonal rainfall distribution, or availability are such that crop water requirements 
cannot be met (Oweis, et al 1999). In this case, the collected runoff can be stored in 
an on-farm pond, tank, or small dam constructed across the flow for later use as 
supplemental irrigation (Frasier,1994; Al-Labadi, 1993). 
 
4.10  Check the ratio of catchment to cultivated areas 
The designed ratio between the catchment and cultivated area was checked by using 
the following formula: 
EFREDR
DRCWR
CA
C



 (4.12) 
where 
C  = catchments area (m²) 
CA  = cultivated area (m²)  
CWR  = crop water requirement (mm) 
DR  = design rainfall 
RE  = runoff efficiency 
EF  = efficiency factor 
 
The design rainfalls were determined according to 67% and 50% return probabilities. 
The estimated design rainfalls were 145 and 190 mm/yr for the 67% and 50% 
probabilities respectively. Size 1 plots were designed according to the design rainfall 
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of 145 mm/yr while size 2 plots were designed according to the design rainfall of 190 
mm/yr. With lower probability of occurrence (higher value of annual rainfall) 
microcatchment area decreased. 
 The part of the harvested water which can be actually used by the crop is expressed 
by the efficiency factor ( EF ). This factor takes into account the inefficiency of uneven 
distribution of the water within the field as well as losses due to evaporation and deep 
percolation. The efficiency is higher when the cultivated area is levelled and smooth, 
and microcatchment systems have higher efficiencies as water is usually less deeply 
ponded (Critchley and Siegert, 1991). Its value ranges between 0.5 to 0.75. When 
measured data are not available the only way to estimate the factor on the basis of 
experience. 
In order to check the crop water requirement calculations it is applied to a Salsola 
crop. Salsola is a shrubby perennial which grows up to 1 meter tall and needs 350 
mm/yr of water. It is grown in pastures for forage in Middle East countries such as 
Jordan, Israel and Syria. The results of the application of (4.12) to Salsoa is shown in 
Tables 4.20 and 4.21. 
In the size 1 plot, the actual C /CA  ratio for all treatments was higher than the 
calculated C /CA   in both the 67% and 50% return probabilities. For the size 2 plots, 
the actual C /CA  ratio for all treatments were also higher  than the calculated for both 
return probabilities In general, results in both sizes  indicate that with less catchment 
area the salsola water requirement can be achieved.. Also results showed that the 
higher the runoff efficiency the lower the ratio of the catchment to the cultivated area 
needs to be.  
The design of actual catchment to cultivated ratio was based on general values of 
runoff efficiency and efficiency factor according to the return probabilities, while the 
calculated ratio was based on a real rainfall received (150 mm), runoff efficiencies 
resulted from the system itself and estimated efficiency factors at 0.5 for size and 
0.75 for size 2, this means that the actual ratio was overdesigned and analysis of soil 
water balance within the run-on area in combination with rainfall and runoff area size 
should be conducted over many years with available data to achieve the proper 
combination of the system elements. Also the number of micro catchments with 
different sizes should be increased in order to achieve a clear general picture over an 
area. 
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Table  4.20: C/CA ratio according to proposed and actual Rainfalls in size 1 plots 
Treatments 
Parameters 
RE EF CWR DR Actual C/CA Calculated C/CA 
T1S1 64 0.5 350 
145 
150 
5.2 
4.4 
4.1 
T1S2 89 0.5 350 
145 
150 
5.2 
3.1 
3.0 
T1S3 77 0.5 350 
145 
150 
5.2 
3.6 
3.4 
T2S1 63 0.5 350 
145 
150 
5.2 
4.5 
4.2 
T2S2 82 0.5 350 
145 
150 
5.2 
3.4 
3.2 
T2S3 66 0.5 350 
145 
150 
5.2 
4.4 
4.1 
 
Table  4.21: C/CA ratio according to proposed and actual Rainfalls in size 2 plots 
Treatments 
Parameters 
RE EF CWR DR Actual C/CA Calculated C/CA 
T1S1 81 0.75 350 
190 
150 
4.29 
1.3 
2.1 
T1S2 80 0.75 350 
190 
150 
4.29 
1.4 
2.2 
T1S3 84 0.75 350 
190 
150 
4.29 
1.3 
2.1 
T2S1 74 0.75 350 
190 
150 
4.29 
1.5 
2.4 
T2S2 79 0.75 350 
190 
150 
4.29 
1.4 
2.2 
T2S3 78 0.75 350 
190 
150 
4.29 
1.4 
2.3 
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4.11  Implications for arid and semi-arid agriculture in Jordan 
 
It is recognized from the study findings that water conservation can be improved by 
using the Negarim micro-catchment water harvesting system, sections 4.2 and 4.3 
showed a different amount of stored water with and without using a water harvesting 
system. The quantity of the conserved water has met the water requirement of 
common crops in both locations and can be effective for crop production for much 
longer than areas without a water harvesting system, section 4.2 showed the amount 
of conserved water by the Negarim water harvesting system, which meet the water 
requirements for Salsola. This findings also be used for the similar speices of Atriplix 
since the water requirements for both crops is 250- 350 mm annually, while in section 
4.3 Table 4.1 showed the amount of conserved water by natural surface. According 
to the results, the water harvesting areas required for the system also can be 
reduced; section 4.10 indicated the C/CA ratio according to proposed and actual 
rainfall. Oweis and Taimeh (1996) reported that The required ratio of the catchment 
area to the cultivated area was found to be strongly related to the root zone storage 
capacity and rainfall runoff characteristics 
Results also indicated that this simple water balance approach can be effective for 
producing reasonable predictions, thereby reducing the need to use complex models 
to reach the same conclusions. 
Farmers can therefore use less area to maximize crop production by using one of the 
water harvesting sizes, the catchment size depends on the precipitation in the area 
and plant requirements, Poers (1994) found similar results. The main objective of 
Poers work was to develop a design procedure for water harvesting micro catchment 
system in particular (runoff area and run-on area) that would be applicable to 
environmental conditions such as climate, topography, soil and vegetation in 
developing countries. The design procedure is based on a sheet-flow-runoff model 
and a soil-water balance model which together predict the water balance of the root 
zone below the run-on area of a microcatchment. Poers work was conducted in 
Niger, Nigeria, Mali, Burkina Faso, Benin and the Negev desert in Israel. Results 
indicated that in arid and semi-arid zones; runoff from such small microcatchments is 
an important potential source of water for the establishment, development and good 
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growth of trees. For extremely arid conditions with an average annual rainfall of less 
than 100 mm are too dry for microcatchments and larger catchments are required. 
For the arid zone, the required run-on area was found to be between 40m2 with a 
runoff area of between 40m2 and 80m2.  Good growth for trees could be realized with 
runoff from 40 m2 at Tahona and 20 m2 at Niamey and Sadore, also good growth 
could be reached with runoff from 20 m2 at Sakoto and 16 m2 at Katsina. From work 
conducted in Niger and Nigeria, the runoff efficiency was low (0.16) because of the 
natural condition of runoff area, an increase in runoff efficiency would mean that 
actual transpiration could be increased with a smaller runoff area. 
According to water balance model, the CN method was quite good when combined 
with the Class A pan method, and the simplicity of those methods can provide 
effective results.  
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5 Summary and Conclusion: 
5.1 Summary 
 In arid and semi-arid areas water availability is often a limiting factor for economic 
growth and development. In some countries, such as Jordan, they are moving 
towards a water crisis and are facing severe water scarcity. Water harvesting can 
have a significant impact on reducing water shortages by playing an important role in 
securing more water for direct and indirect use. To help address and attempt to 
provide partial answers to the serious issues of water scarcity in Jordan, this thesis 
set out to achieve a list of objectives as outlined in 1.8. For convenience we restate 
them as follows: 
Objective 1 was met by developing a very simple water balance model that was 
given in chapter 3 and based on the simple relation 
tDER
a
a
Py ap  *)(
1
2 , 
where py is the volume of soil moisture in cultivated area , t  is the time period 
between measurements, P  is the rainfall rate, R  is the runon rate, aE  is the 
evaporation rate, D  is the drainage rate, 1a is the cultivated area, 2a is the catchment 
area, thus 1a + 2a  is the microcatchment area. Only daily total rainfall and daily Pan 
Evaporation data were available. From this data simple empirical formulas were used 
to estimate runoff rates and soil evaporation rates. Parameters were then determined 
by optimizing against measured values of water stored in the soil profile.  
 
To meet objective 2 which is evaluating the performance of a micro-catchment water 
harvesting model through comparison with extensive field data, field data was 
collected from a Negarim water harvesting system. Two sizes were used in this study 
and it was divided into two parts, a catchment area to collect rainfall and the 
cultivated area to conserve runoff. Two treatments were used for the catchment area, 
those were: compacted (T1) and Natural (T2). Three treatments were used for the 
run-on area, these were: disturbed (S1), stones mulch (S2), and crop residue mulch 
(S3). 
Data collected from water harvesting system was presented in chapter 3 sections 
3.3.1and 3.3.2 to determine the various parameter values required in the model, a 
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nonlinear least square optimization method was used. Parameter values were 
optimized for each treatment. It was found that the model could generally produce 
the features in the variation of the stored water volume through time. Due to the 
simplicity of the model and the sparse unreliable data, accurate prediction of the 
experimental data is almost impossible to achieve. What is important is that the 
model produced the trend of the data with physically reasonable parameter values 
which remain consistent across all treatments. There is some evidence for this in the 
values presented in Tables 4.4 and 4.5 which are also consistent with values found in 
the literature in similar arid areas (Qui, et al. 1999, Tsvetsinskaya, et al. 2002, States 
2005, Piggin and Schwardtfeger 1973, ASCE 1990, Chritchley and Siegert 1991, 
Owies and Taimeh1996, Mishra,et al. 2005). The variation in model parameters is 
again due to the simplicity and empirical nature of the model. This can only be 
overcome with more reliable data, gathered more often; which would then allow a 
more sophisticated model to be developed. 
In addition to the simple model used in this thesis, various evaporation models were 
tested, these include those of Penman, Priestley and Taylor and Class A Pan. It was 
found that within the performance of our model they all acted reasonably well, but the 
most consistent model performance was found by using Class A pan. 
 
Objective 3 was met by determining the ratio of catchment and cultivated areas was 
sufficient for securing the amount of water needed to meet the crop‟s requirement. In 
size 1 plots the actual C/CA ratio required for 67% and 50% rainfall return 
probabilities for all treatments were higher than the calculated ones. The actual C/CA 
for all treatments was also in agreement with the calculated ratio based on the actual 
precipitation during the season (150 mm). In size 2 plots the actual C/CA ratio for 
T1S1, T1S2, and T1S3 treatments were lower than that required for the return 
probabilities, while it was mostly higher for T2S1, T2S2, and T2S3. This occurred as 
a result of the higher runoff efficiencies for these treatments. 
 
For objective 4, the performance of this system was evaluated through the 
calculation of runoff, runoff storage, and system efficiencies. T1S2 and T1S3 system 
efficiency which is the ratio of water storage in one meter soil depth to the rainfall 
falling on each treatment have the highest values in size 1 plots while system 
efficiency of  T2S1 and T2S2 have the highest values in the size 2 plots. The 
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different results referred to the size of the catchments which is bigger in size 1 (14 
m2) than size 2 (5.29m2). The compaction treatment had an obvious impact in the 
catchment area of size 1 plots, soil particles were pressed together, reducing the 
pore space which in turn increasing the bulk density and decreasing the infiltration. 
Also with a longer run-off area overland flowing water had more time to infiltrate 
through the soil surface in size 1 plots. Compaction in size 2 plots had no significant 
effect comparing with the natural catchment. The lack of significant differences for 
compacted surface comparing with natural surface may be due to the existence of 
calcium carbonate which led to high water retention due to the fine particles which 
increase the microspores in the soil profile. The use of the mulch in cultivated area 
protect the soil surface from the effect of radiation which in turn lead to evaporation 
reduction, crust formation encourage runoff from catchment to cultivated area.  
 
In terms of water conservation; results indicated that T1 was more efficient in water 
storage than T2 especially during the first few rainfall events. Runoff area treatments 
showed similar results due to a crust formation that occurred in both treatments. The 
crust formation resulted in similar soil surface physical characteristics. Results also 
indicated that using stones and crop residue as a mulch on the soil surface in the 
cultivated area was effective in decreasing the evaporation rate from the soil surface. 
They most probably affected the soil profile temperature regime and the fluctuation of 
temperature. Decreasing the soil temperature is most effectively done by 
manipulating the soil surface through using a suitable  mulches, the highly reflective 
material will lower the temperature by reducing the radiant flux reaching the soil, the 
temperature at soil surface decreased due the mulch absorbing the heat and not 
conducting it through the soil profile. Stones and crop residue treatments performed 
very well throughout the season. These treatments protect the soil surface from the 
effect of radiation. Low thermal conductivity of the straw reduces the heat transfer 
over the surface of the soil; gravel mulch decreased the area of soil surface available 
for evaporation and increased the resistance to water vapour transfer within the 
mulch layer. S3 was more efficient than S2 at the end of the season, it stored more 
water due to the higher infiltration rate (12.4 cm/hr) when compared to S2 (4.1 
cm/hr). 
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For objective 5 the amount of harvested water in size 2 plots was higher than that in 
size 1 plots. This is due to the effect of slope, the slope in the two sizes (1 and 2) 
were 2% and 5% respectively. Due to the smaller catchment in size 2 plots, the travel 
time for overland flow will be shorter and with less travel distance there is no enough 
time for infiltration to occur. Results in both sizes indicated that with a lower 
catchment area the Salsola crop water requirement can be achieved. 
Models and modelling can help to achieve interdisciplinary analysis of natural 
resource management issues. Water balance calculations are needed to understand 
the important relationships between rainfall, and soil-water retention under water 
harvesting systems. It is critical, especially under the climatic conditions that occur in 
dry arid lands, to improve predictive ability and therefore to maximise water 
availability. 
 
5.2 Conclusion 
The following conclusions were obtained: 
1. A simple water balance model can be used where the availability of long term 
hydrological records are scarce. 
2. The water balance model described in this thesis can be useful in evaluating 
the potential for implementing a small water harvesting system (e.g. Negarim 
system) in dry arid lands. 
3. Water balance models can help in evaluating management practices in dry 
lands and can be useful in designing water harvesting systems. 
4. Assessment of model performance is required over a number of different 
events. 
5. Water harvesting techniques were very useful in the study area which 
received 100-200 mm rainfall annually. Without water harvesting there is no 
change in soil moisture content below 60 cm before and after the winter 
season.  The amount of stored water in the natural area did not exceed 115 
mm/60 cm (Table 4.1), whereas with water harvesting system the highest 
amount of stored water in cultivated area of T2S1 treatment (natural 
catchment area and disturbed cultivated area) was 338 mm/100 cm which 
means that Negarims water harvesting system are an effective type of water 
conservation that leads to water productivity improvement. Physical properties 
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of the soil such as infiltration, texture, and bulk density had a clear effect on 
runoff, storing and retaining water in the soil profile. In addition soil surface 
treatments played a big role in runoff, storing, and retaining water in the soil 
profile. 
6. The Negarim water harvesting technique was very efficient in collecting and 
storing rainfall in the soil profile. Under the Negarim water harvesting 
technique the highest amount of stored water in T1S2 treatment (compacted 
catchment area and a covered cultivated area by stones) was 390 mm in size 
1 plots, whereas in size 2 plots the amount of stored water in T2S2 treatment 
(natural catchment area and covered cultivated area by stones) was 392 mm. 
Compaction and later crust formation lead to relatively high runoff efficiencies. 
Runoff storage efficiency depends on the soil storage available in the root 
zone at the time when runoff occurs. The variation of storage efficiencies 
showed the importance of the catchment size.  
7. Further work should be done to achieve the optimal combination of the system 
elements, that needs further analysis of water balance within the infiltration 
basin in combination with rainfall and catchment size over as many years as 
data is available. 
8. The Negarim water harvesting technique is applicable especially for bushes. 
Under the experiment conditions, this technique stored about double amount 
of water in the soil profile, also Negarims can be used for growing trees with 
suitable sizes of catchment and cultivated areas, and the catchment size 
depends on the precipitation in the area and plant requirements. Using stones 
and crop residue as a mulch played a big role in water conservation due to 
their low cost and convenience. In general water harvesting techniques are 
recommended to be used wherever a water shortage problem exists; it is an 
efficient and easy method to establish. 
9. More investigations about CN curve number for runoff calculation in small 
plots are required 
10. More field work for calibrating and testing models to determine actual 
evaporation from sparse data. 
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6  Appendices 
6.1 Appendix :  Total water content (mm/m ) for all treatment in size 1 
plots (Years 96-97) 
Date T1S1 T1S2 T1S3 T2S1 T2S2 T2S3 
21/Dec 199 241 211 152 145 158 
23/Dec 182 224 219 113 127 144 
28/Dec 191 237 224 149 139 159 
30/Dec 175 228 227 140 135 159 
5/Jan 170 220 217 135 126 158 
12/Jan 148 198 197 104 105 178 
18/Jan 256 309 349 231 230 287 
25/Jan 294 360 334 259 299 313 
28/Jan 305 374 363 284 282 321 
1/Feb 285 390 334 258 301 293 
6/Feb 238 326 336 232 250 298 
15/Feb 250 314 327 223 260 383 
26/Feb 274 327 345 258 273 306 
5/Mar 288 366 370 281 277 334 
12/Mar 338 300 338 222 240 301 
19/Mar 277 336 323 250 263 306 
26/Mar 269 333 322 235 245 289 
2/Apr 238 313 304 229 232 302 
14/Apr 243 324 287 221 239 288 
23/Apr 208 331 305 202 247 277 
30/Apr 218 302 225 192 236 266 
7/May 215 302 297 190 242 256 
14/May 214 302 288 178 227 252 
21/May 203 268 287 178 218 240 
28/May 200 260 280 174 212 220 
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6.2 Appendix .:     Total water content (mm/m) for all treatment in size 2 
plots (Years 96-97) 
 
Date T1S1 T1S2 T1S3 T2S1 T2S2 T2S3 
21/Dec 298 248 277 223 176 179 
23/Dec 285 231 275 212 149 165 
28/Dec 281 230 283 163 166 164 
30/Dec 309 223 264 207 161 163 
5/Jan 260 209 254 202 147 154 
12/Jan 217 163 219 144 108 127 
18/Jan 284 324 301 293 230 282 
25/Jan 372 392 308 356 271 350 
28/Jan 342 360 341 307 240 331 
1/Feb 333 332 305 320 250 286 
6/Feb 297 270 289 280 215 261 
15/Feb 291 282 292 283 204 272 
26/Feb 337 349 296 328 247 304 
5/Mar 334 354 329 322 253 313 
12/Mar 285 302 282 264 258 267 
19/Mar 349 356 331 332 252 321 
26/Mar 326 330 300 319 242 290 
2/Apr 307 316 285 300 215 295 
14/Apr 313 329 300 311 234 283 
23/Apr 304 329 309 302 233 295 
30/Apr 311 323 303 299 230 293 
7/May 299 321 305 300 220 281 
14/May 297 322 298 282 205 296 
21/May 296 317 298 277 209 292 
28/May 291 304 302 272 200 288 
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6.3 Appendix :  Total water content (mm/m) for T1S1 and T2S1 
treatments in size 1 plots 
 
  T2S1    T1S1   
Date Rep. 1 Rep. 2 Rep. 3 Ave. Rep. 1 Rep. 2 Rep. 3 Ave. 
21-Dec 240 96 118 152 87 249 260 199 
23-Dec 176 85 75 113 81 249 214 182 
28-Dec 265 92 89 149 107 245 219 191 
30-Dec 245 89 85 140 79 234 211 175 
05-Jan 238 81 84 135 71 232 207 170 
12-Jan 209 74 28 104 65 225 160 148 
18-Jan 237 182 173 231 235 254 275 256 
25-Jan 324 235 215 259 276 339 267 294 
28-Jan 363 222 266 284 271 323 317 305 
01-Feb 327 210 236 258 247 304 304 285 
06-Feb 334 155 204 232 201 252 259 238 
15-Feb 302 174 190 223 182 284 281 250 
26-Feb 243 188 242 258 268 272 282 274 
05-Mar 368 206 267 281 248 309 306 288 
12-Mar 309 127 227 222 202 241 270 238 
19-Mar 323 199 227 250 234 313 283 277 
26-Mar 322 161 219 235 235 286 285 269 
02-Apr 325 174 187 229 204 261 245 238 
14-Apr 296 183 182 221 213 253 262 243 
23-Apr 280 177 146 202 136 252 235 208 
30-Apr 280 159 137 192 161 246 244 218 
07-May 262 168 140 190 151 239 253 215 
14-May 237 157 141 178 145 241 254 214 
21-May 233 154 147 178 128 234 247 203 
28-May 231 155 136 174 132 223 244 212 
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6.4 Appendix: Total water content (mm/mm) for T1S2 and T2S2 treatmet 
  T2S2    T1S2   
Date Rep. 1 Rep. 2 Rep. 3 Ave. Rep. 1 Rep. 2 Rep. 3 Ave. 
21-Dec 225 118 184 176 334 206 204 248 
23-Dec 181 86 179 149 269 203 221 231 
28-Dec 213 105 179 166 319 167 202 230 
30-Dec 205 101 176 161 309 162 196 223 
05-Jan 194 98 148 147 300 137 189 209 
12-Jan 141 48 134 108 256 92 141 163 
18-Jan 223 211 253 230 397 285 288 324 
25-Jan 285 242 286 271 458 364 355 392 
28-Jan 183 237 297 240 404 341 334 360 
01-Feb 196 248 303 250 370 327 299 332 
06-Feb 173 190 279 215 219 294 297 270 
15-Feb 180 190 242 204 324 257 262 282 
26-Feb 221 213 305 247 398 309 339 349 
05-Mar 237 221 297 253 384 326 350 354 
12-Mar 240 250 284 258 344 256 304 302 
19-Mar 223 231 301 252 403 320 344 356 
26-Mar 204 222 299 242 379 272 337 330 
02-Apr 147 204 291 215 351 269 328 315 
14-Apr 211 213 275 234 379 291 316 329 
23-Apr 198 211 288 233 364 295 328 329 
30-Apr 194 213 281 230 337 305 325 323 
07-May 187 216 256 220 337 295 330 321 
14-May 181 190 243 205 336 296 233 322 
21-May 175 213 241 209 333 285 334 317 
28-May 149 217 235 200 316 274 324 304 
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6.5 Appendix :  Calcium Carbonate analysis in size 1 and size 2 plots 
Size No. Depth (cm) CaCo3 % 
Size 1 0-20 15 
 20-40 18.7 
 40-60 15 
Size 2 0-20 18 
 20-40 24.4 
 40-60 37.5 
 
6.6 Appendix : Bulk density (gm/cm³) of the natural and compacted 
treatments at the end of the season  
Depth Treatment bulk density (gm/cm³) 
Natural Compacted 
10 cm 1.13 1.14 
 
6.7 Appendix : Soil strength measurements (MPa) for natural and 
compacted treatments at the end of the season  
Depth Treatments (MPa) 
Natural Compacted 
5 cm 3.36 3.96 
Soil strength = 0.0 
6.8 Appendix :  Soil physical properties for different treatment 
Soil physical properties 
Texture Natural Tre. Compacted Tre. Cultivated Tre. 
Depth(cm) Sand Silt Clay B.D. 
(g/cm³)  
Poros.% B. D. 
 (g/cm³) 
Poros.
% 
B.D. 
(g/cm³) 
Poros.% 
0-10 6 59.20 34.20 1.21 54 1.64 39 1.18 55 
10-20 9.2 57.89 32.89 1.22 53 1.24 53 1.20 54 
20-30 9.2 50.00 40.79 1.25 52 1.26 52 1.23 53 
30-60 1.3 48.68 50.00       
60-90 1.3 48.68 50.00       
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6.9 Appendix :  Metreological figure 
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6.10 Appendix :    Meteorlogical data 
Date WS RH EP P Days ea ed n T o qs 
21/Dec 0 51 2.5 8.4 5 18.1 9.2 0.75 16.4 1.10 1258 
23/Dec 6 55 0.8 0.5 1 18.3 10 0.83 16.6 1.10 1005 
28/Dec 14 47 3.7 1.1 5 25.2 11 0.81 22.2 1.13 1006 
30/Dec 14 48 2 0 2 16 7.7 0.79 15.4 1.03 1247 
5/Jan 8 32 2.4 0 6 20.5 6.5 0.84 18.6 1.10 1334 
12/Jan 8 42 4 0 7 20.4 8.6 0.94 18.6 1.09 1369 
18/Jan 8 64 3 17 2 12.4 8 0.95 10.5 1.18 1466 
25/Jan 12 60 1.3 13.4 2 13.7 8.2 0.91 12 1.14 1279 
28/Jan 5 96 1.6 4.9 1 10.5 10 0.92 8.2 1.28 1222 
1/Feb 6 56 1.9 5.1 1 10 5.6 0.89 8.6 1.16 1737 
6/Feb 0 53 1 5 1 9.4 5 0.79 7.5 1.25 1752 
15/Feb 8 21 2 0 9 17.6 3.7 0.81 16.4 1.07 1885 
26/Feb 16 72 1 27.3 1 11.3 8.1 0.75 9.7 1.16 1741 
5/Mar 18 55 0.5 2.9 4 15.7 8.6 0.81 14.7 1.06 654 
12/Mar 10 26 4.7 1.8 7 19.4 5 0.82 17.5 1.10 2128 
19/Mar 16 70 3.2 10.1 1 12.5 8.8 0.93 12 1.04 2076 
26/Mar 4 47 4 9.4 2 14 6.6 0.90 13.6 1.02 2001 
2/Apr 15 22 7.9 0.1 6 36.2 7.9 0.84 27.8 1.30 1916 
14/Apr 12 50 8 3.5 12 27.4 13.7 0.75 27.5 0.99 2085 
23/Apr 5 17 8 0 9 56.3 9.6 0.91 36 1.56 2117 
30/Apr 10 23 10 0 7 25.3 5.8 0.78 22 1.15 1980 
7/May 10 18 10 1.2 7 38.7 7 0.85. 29 1.33 1846 
14/May 12 18 11 0 7 53.1 9.6 0.90 34.5 1.53 2015 
21/May 14 23 9 0 7 34.7 8 0.79 27 1.28 2017 
28/May 10 20 13 0 7 45.5 9.1 0.84 32 1.42 2114 
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6.11 Appendix :       MATLAB code for size 1 location 
 
% Function for evaluating the least squares differences between  
% measured and predicted water balances 
 
function lsquares = maxopt(x) 
global h time t EP P row a1 a2 dt m1 m2 WindSm RHm 
global CN KP ks N r td f Ia fc area R  
 
%Runoff calculation   Runoff coefficient 
 
%fc = 0.20  
 %for j = 1:row 
%R(j) = P(j); 
%R(j) = 0; 
%R(j) = P(j)*fc 
%end 
 
 
 %Runoff calculation 
%f = 0.30; 
%Ia = 3; 
%for j = 1:row 
%R(j) = P(j); 
%if P(j) > Ia 
 %R(j) = (P(j) - x(1)).*x(2); 
   %R(j) = P(j)*fc 
   %else 
   %R(j) = 0; 
   %R(j) = P(j)*fc; 
   %end 
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   %end 
 
CN = 96 
S= (25400/CN)-254; %potential maximum natural detention 
A= 0.2*S; % potential abstraction in mm 
%A= A*25.4;  % convert inches to mm 
for j = 1:row 
R(j) = P(j); 
if P(j) > A 
       %R(j) = (P(j)-A).^2./(P(j)+A); 
       %R(j) = (P(j)-A).^2./((P(j)+A)+S); 
        %R(j)= (P(j)-A).^2/(P(j)+x(2)*S); 
     R(j) = (P(j)-0.2*(S)).^2./(P(j)+0.8*(S)) 
     end 
     end 
 
%R = R'; 
 
 %KP calculation, Pan coofficient 
%WindSm = [8 6 8 12 5 6 8 16 18 16 4 15 12 10]'; 
 %RHm = [51 55 64 60 96 56 53 72 55 70 47 22 50 18]'; 
%WindSm= WindSm*1.85*24;  % converting knots to km/day 
%Fetch= 1000; 
%lnF= log(Fetch); lnW= log(WindSm); 
%KP= 0.61+ (0.00341-1.87e-6*WindSm).*RHm-1.11e-7*WindSm*Fetch; 
%KP= KP+ 3.78e-5*WindSm*lnF-3.32e-5*WindSm.*lnW; 
%KP= KP- 0.016*lnW*lnF+0.00063*lnF^2*lnW; 
 
% Ea calculations 
%clear KP; 
 
%for i = 1:25 
    %sumx(i) = 0; 
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   %jmin(i) = 1; 
   %jmax(i) = t(i); 
   %if P(i) ~= 0 
      %jmin(i) = 1; 
       %jmax(i) = t(i); 
       %elseif P(i-1) == 0 
       %jmin(i) = jmax(i-1); 
      %jmax(i) = jmax(i-1) + t(i); 
      %end 
 %for j = jmin(i):jmax(i) 
     %sumx(i) = sumx(i) + x(1)^(1-j); 
     %end 
     %end 
 
%Ea = EP.*x(1)*x(2).*sumx'; 
 
% Ea calculation Penman Eqaution 
 
v = 0.65; % hydrometric constant (= 0.65 mb/C) 
r = 0.30;  % coefficient relating to vegetation cover 
rho = 1000; % density of water (kg/m^3) 
k =2.5*10^6; % latent heat of evaporization of water(J/kg) 
d = 5.7*10e-8;  % Stefan Boltzman's constant(m^2*grad^4) 
ea = [18.1 18.3 25.2 16 20.5 20.4 12.4 13.7 10.5 10 9.4 17.6 11.3 15.7]; 
ea = [ea 19.4 12.5 14 36.2 27.4 56.3 25.3 38.7 53.1 34.7 45.5]; 
ed = [9.2 10 11 7.7 6.5 8.6 8 8.2 10 5.6 5 3.7 8.1 8.6 5 8.8 6.6 7.9]; 
ed = [ed 13.7 9.6 5.8 7 9.6 8 9.1]; 
T = [16.4 16.6 22.2 15.4 18.6 18.6 10.5 12 8.2 8.6 7.5 16.4 9.7 14.7 ]; 
T = [T 17.5 12 13.6 27.8 27.5 36 22 29 34.5 27 32]; 
n = [0.8 0.7 0.8 0.8 0.8 0.9 0.8 0.9 0.9 1.0 1.0 1.0 1.0 1.0]; 
n =[n 1.01 1.02 1.03 1.0 1.05 1.0 1.02 1.01 2 2.01 1.03]; 
WindSm = [8 6 8 12 5 6 8 16 18 16 4 15 12 10 8 9 11 12 13 14]; 
WindSm = [WindSm 12 13 14 15 16]; 
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WindSM = WindSm.*0.5144444; 
Et = 0.3*(1+ 0.5*WindSM).*(ea-ed); 
o = [1.10 1.10 1.13 1.03 1.10 1.09 1.18 1.14 1.28 1.16 1.25 1.07 1.16]; 
o = [o 1.06 1.10 1.04 1.02 1.30 0.99 1.56 1.15 1.33 1.53 1.28 1.42];  
qs = [1258 1005 1006 1247 1334 1369 1466 1279 1222 1737 1752 1885 1741]; 
qs = [qs 654 2128 2076 2001 1916 2085 2117 1980 1846 2015 2017 2114]; 
q = 0.95*[8.64*10e-7/(rho*k)]*d*(273.16+T).^4; 
q = q .*((0.53 + 0.065).*(ed -1).^1/2).*(0.10+ 0.90.*(n)); 
%qe = ((qs.*(1-r))-q); 
 
%td = 1.04 
%Er = qe./(k*rho) 
%Ea = x(1)*(o./o+v).*Er 
 
%Ea = (o./o+v).*qe/1000+ (v./o+v).*Et/1000 
 
%b1 =14; 
%b2 = 1.20 
%fa = 28 
%Wet = (1/k*rho).*(b1 + b2.*(o./2.*(o+v).*qe)) 
%pe = (o.*qe + (v.*(ea-ed))*fa)/k*rho.*(o +v) 
 
%fu = 0.35*(1+0.54*(WindSM)) 
%Wet = 1.28.*(o.*qe)/(k*rho).*(o+v) 
%pe = ((o.*qe)+ ((v.*(ea-ed)).*fu)./(k*rho).*(o+v)) 
 
%Ea =(2.*Wet)-pe 
 
%Ea = Wet.*(o+v./o) - pe.*(v./o) 
 
KP = 0.60 
ks = 0.90 
N = 2 
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%t = 2 
Ea= (EP.*x(KP)*x(ks))./N.^(t-1); % Ea actual evaporation rate 
 
B = P' + a2*R/a1 - Ea' 
 
hp = zeros(row,1); 
thetamean(1) = h(1)/1000; 
Drain(1) = 0.137*thetamean(1)^3  % assumes K = Ksat*theta^3 
%Drain = hp; 
hp(1) = h(1); 
for j = 2:row 
    hp(j) = hp(j-1) + B(j-1) - Drain(j-1); 
    if hp(j) < 0 
        hp(j) = 0; 
    end 
    thetamean(j) = hp(j)/1000; 
    Drain(j) = 0.137*thetamean(j)^3; 
end 
 
figure(11) 
plot(time,hp,'-*',time,h) 
xlabel('time  (days)') 
ylabel('Stored water volume (mm)') 
legend('Pred','Meas') 
m1 = getframe; 
 
figure(2); 
plot(time,a1*Ea/area,'-*',time,P,'--',time,a2*R/area); 
xlabel('time  (days)'); 
ylabel('Rainfall, E_a, R (prop of area)'); 
legend('E_a','P','R') 
m2 = getframe; 
pause(0.5) 
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lsquares = sum((hp - h).^2); 
xls = [x lsquares] 
RMSE = 1/25*(sum((hp - h).^2))^-0.5 
hmean = 203 
RRMSE = ((sum((hp - h).^2/25)*1/hmean).^-0.5) 
ABSERR = sum (abs(h - hp)./25) 
hmean = 203 
EF = (sum((h - hmean).^2) - sum((hp - hmean).^2))./sum((h - hmean).^2) 
CD = sum((h - hmean).^2)./sum((hp - hmean).^2) 
hpmean = 195 
hmean = 203  
R2 = (((sum((h - hmean).*(hp - hpmean)))./((sum(((h - hmean).^2)).^-0.5).*((sum((hp - 
hpmean).^2)).^-0.5)).^2)) 
E = 1- ((sum((h - hp).^2)./(sum((h- hmean).^2)))) 
 
 
%basic optimization model\for \the water harvesting model 
 
clear all 
global h time t EP P row a1 a2 dt m1 m2 WindSm RHm 
global CN KP ks N r td f Ia fc area R  
load Site6.mat 
h1= Site6(:,1); 
h2= Site6(:,2); 
h3= Site6(:,3); 
h4= Site6(:,4); 
h5= Site6(:,5); 
h6= Site6(:,6); 
WindSm= Site6(:,7);   % wind speed 
RHm= Site6(:,8);       % relative humidity 
EP =Site6(:,9);        % pan evaporation 
P= Site6(:,10);         % rainfall 
t= Site6(:,11);         % days after the last wetting 
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h = h6; 
 
%KP calculation, Pan coofficient 
WindSm= WindSm*1.85*24;  % converting knots to km/day 
Fetch= 1000; 
lnF= log(Fetch); lnW= log(WindSm) 
KP= 0.61+ (0.00341-1.87e-6*WindSm).*RHm-1.11e-7*WindSm*Fetch 
KP= KP+ 3.78e-5*WindSm*lnF-3.32e-5*WindSm.*lnW 
KP= KP- 0.016*lnW*lnF+0.00063*lnF^2*lnW 
 
WindSm 
fg = find(WindSm==0); 
[n1,col] = size(fg); 
[n2,col2] = size(WindSm); 
ave = sum(WindSm)/(n2-n1); 
for i = 1:n1 
   WindSm(fg(i)) = ave; 
  end 
 
[row col] = size(P) 
PP = P; 
for j = 1:row 
    if j == 1 
        time(j) = t(j); 
    else 
        time(j) = time(j-1) + t(j); 
    end 
    if P(j) ~= 0 
        P(j) = P(j); + EP(j); 
    end 
end 
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area = 14; % plot area 
a1 = 2.25; a2 = area-a1;  % a1 = cult. area 
%dt = 1; % one day 
 
CN= 96; % curve number 
a = 0.2; 
KP = 0.60; 
ks = 0.90;  % soil evaporation factor 
N= 2; % constant  determines the decay time after wetting 
%r = 0.32; 
%td = 1.04 
%fc = 0.20; 
%f = 0.30; 
%Ia = 3; 
xo = [96 0.2 0.60 0.90 2]; 
x = fminsearch('maxopt',xo) 
%maxopt(CN,a,KP,ks,N) 
 
movie(m1,1,2) 
 
movie(m2,1,2) 
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6.12 Appendix :     MATLAB code for reading the rainfall and evaporation 
data 
 
% reading the rainfall and pan evaporation data 
 
clear all 
fid=fopen('MAFRAQ2.TXT'); 
 
d = 365; % number of days per year (not leap yrs) 
ds = [d d d+1 d d d d+1 d d d]; % days in each year starting from 1994 
dm = [31 28 31 30 31 30 31 31 30 31 30 31]; % days in each month 
 
for i = 1:10 
   dline = fgets(fid); % reading first 10 lines of the file 
end 
 
% fgets reads a line of the file in string form, ie just the  
% characters which must then be converted to numbers 
 
data = zeros(7208,3);             % initializing data array 
for i = 1:7208 
   dline = fgets(fid);            % reading line of data from file 
   tstring = dline(1:19);         % asigning first 19 characters of the 
                                  % line to tstring 
   [r c] = size(dline);           % finding length of the line 
   linerest = dline(20:c);        % assigning characters from 20 onwards 
                                  % to linerest 
   data(i,:) = str2num(linerest); % converting string to actual numbers 
end 
fclose(fid); 
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% column 1 of data contains either a 5 or 18 
% column 2 contains the data, ie 2001-01-01, but since this 
%  date is converted to a number, it is actually done as a sum 
%  ie 2001 - 1 - 1 = 1999 
% column 3 of data contains the rainfall and evaporation values 
 
y = find(data(:,1)>5);   % finding the row where 5 changes to 18 in col 1 
tp = (1:1:y(1)-1)';      % time for rainfall data in days 
tep = (1:1:7208-y(1))';  % time for evap data 
P = data(1:y(1)-1,3);    % taking out the rainfall data from col 3 
Ep = data(y(1):7208,3);  % taking out the evaporation data from col 3 
 
% Runoff calculations 
[row col] = size(P); 
CN = 98; 
S = (25400/CN)-254; 
I = 0.2*(S); 
%I= I*25.4; 
for j = 1:row 
    Q(j) = 0; 
    if P(j) > I 
        %Q(j) = (P(j)-I).^2./[(P(j)+I)+S]; 
        Q(j) = (P(j)-0.2*(S)).^2./(P(j)+0.8*(S)) 
    end 
end 
     
 
% plotting daily rainfall and evaporation data for each year 
 
a = 1; yearo = 1993; 
for i = 1:9    % plotting each year's data for 9 years 
   figure(i) 
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   year(i) = yearo + i; 
   b = a + ds(i) - 1; 
   Ptot(i) = sum(P(a:b));     % total yearly rainfall (mm) 
   Eptot(i) = sum(Ep(a:b));   % total yearly pan evaporation (mm) 
   Qtot(i) = sum(Q(a:b));     % total yearly runoff (mm) 
   Ptave(i) = Ptot(i)/ds(i);  % daily average for the year 
   Eptave(i) = Eptot(i)/ds(i);% daily average for the year 
   Qtave(i) = Qtot(i)/ds(i);  % daily average for the year 
   plot(tp(a:b),P(a:b),tep(a:b),Ep(a:b),tp(a:b),Q(a:b)) 
   axis([a b 0 30]) 
   title(sprintf('Year : %4.0f', year(i))) 
   xlabel('Days since 1994-01-01') 
   ylabel('mm') 
   legend('Rainfall','Evaporation','Runoff') 
   a = b + 1; 
end 
 
% plotting monthly totals for P and Ep 
Pmonth = [ ]; Epmonth = [ ]; Pmontha = [ ]; Epmontha = [ ]; 
Qmonth = [ ]; Qmontha = [ ]; 
a = 1; 
for i = 1:9 
    for j = 1:12 
        b = a + dm(j) - 1; 
        if ((j==2) & (ds(i)==d+1))   % check if leap year 
            b = (a + dm(2) + 1) - 1  % leap year for february 
        end 
        Pm(j) = sum(P(a:b));     % calculate P sum for each month 
        Epm(j) = sum(Ep(a:b));   % calculate the Ep sum for each month 
        Qm(j) = sum(Q(a:b));     % calculate the Q sum for each month 
        Pmave(j) = Pm(j)/dm(j);    % daily average for each month 
        Epmave(j) = Epm(j)/dm(j);  % daily average for each month 
        Qmave(j) = Qm(j)/dm(j);    % daily average for each month 
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        a = b + 1; 
    end 
    Pmonth = [Pmonth Pm]; 
    Epmonth = [Epmonth Epm]; 
    Qmonth = [Qmonth Qm]; 
    Pmontha = [Pmontha Pmave]; 
    Epmontha = [Epmontha Epmave]; 
    Qmontha = [Qmontha Qmave]; 
end 
month = 1:1:9*12; 
figure(11) 
plot(month,Pmonth,month,Epmonth,month,Qmonth) 
axis([0 108 0 400]) 
xlabel('months from 1/1/94') 
ylabel('mm') 
title('Monthly Totals for P & Ep') 
legend('Rainfall','Evaporation','Runoff') 
% plotting yearly totals for P and Ep 
figure(12) 
plot(year,Ptot,year,Eptot,year,Qtot) 
xlabel('year') 
ylabel('mm') 
title('Total Yearly Amounts for P, E_{pan} & Q') 
legend('Rainfall','Evaporation','Runoff') 
 
format long g 
rainevaprun = [Ptot;Eptot;Qtot]' 
PPtotal = sum(Ptot) ;   % total rainfall across the 10 years 
EEptotal = sum(Eptot);  % total pan evaporation across the 10 years 
Qtotal = sum(Qtot);  % total runoff across the 10 years 
% plotting daily averages from monthly totals and yearly totals 
ym = 6:12:8*12+6; 
figure(13) 
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plot(month,Pmontha,month,Epmontha,month,Qmontha,ym,Ptave,ym,Eptave,ym,Qta
ve) 
xlabel('months since 1/1/94') 
ylabel('mm') 
title('Average Daily Amounts for P & E_{pan} from yearly & monthly data') 
legend('Rainfall (monthly)','Evaporation (monthly)','Runoff / (monthly)','Rainfall 
(yearly)','Evaporation (yearly)','Runoff (yearly') 
 
6.13 Appendix :     MATLAB code for cumulative infiltration, saturated 
hydraulic conductivity, and sorptivity 
 
clear all 
load inf24.mat 
t = inf24(1,:); 
y1 = inf24(2,:); y2 = inf24(3,:); y3 = inf24(4,:); 
 
% calculating cumulative infiltration 
 
[row col] = size(t); 
sumy1(1) = y1(1)*t(1)/60; % /60 to convert min to hrs 
sumy2(1) = y2(1)*t(1)/60; 
sumy3(1) = y3(1)*t(1)/60; 
for i = 2:col 
    sumy1(i) = sumy1(i-1) + y1(i)*(t(i)-t(i-1))/60; 
    sumy2(i) = sumy2(i-1) + y2(i)*(t(i)-t(i-1))/60; 
    sumy3(i) = sumy3(i-1) + y3(i)*(t(i)-t(i-1))/60; 
end 
 
% saturated conductivities and sorptivities for the  
% three treatments 
  
Ks1 = 0.114; Ks2 = 0.137; Ks3 = 0.137; 
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%Ks1 = 0.11; Ks2 = 0.132; Ks3 = 0.132; 
fac = sqrt(2); 
S1 = fac*0.27; S2 = fac*0.3; S3 = fac*0.4; 
 
% Using Green & Ampt model for cumulative infiltration 
% infiltration rate 
 
I = 1:1:70; 
t1 = (I - S1^2/Ks1/2 * log(1 + 2*Ks1*I/S1^2))/Ks1; 
t2 = (I - S2^2/Ks2/2* log(1 + 2*Ks2*I/S2^2))/Ks2; 
t3 = (I - S3^2/Ks3/2 * log(1 + 2*Ks3*I/S3^2))/Ks3; 
dIdt1 = Ks1*(1 + S1^2./I/Ks1/2)*60; 
dIdt2 = Ks2*(1 + S2^2./I/Ks2/2)*60; 
dIdt3 = Ks3*(1 + S3^2./I/Ks3/2)*60; 
figure(1) 
plot(t,y1,'-*k',t,y2,'-*b',t,y3,'-*r') 
hold on 
plot(t1,dIdt1,'--k',t2,dIdt2,'--b',t3,dIdt3,'--r') 
xlabel('Time (mins)') 
ylabel('Infiltration rate  (mm/hr)') 
legend('compact','natural','cultivated') 
 
figure(2) 
plot(t,sumy1,'-*k',t,sumy2,'-*b',t,sumy3,'-*r') 
hold on 
plot(t1,I,'--k',t2,I,'--b',t3,I,'--r') 
xlabel('Time (mins)') 
ylabel('Cumulative Infiltration  (mm)') 
legend('compact','natural','cultivated') 
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6.14 Appendix :       MATLAB code for reading metreological data 
 
% reading the rainfall and pan evaporation data 
 
clear all 
 
Epanm = [ ]; Pm = [ ]; SeaPrm = [ ]; StaPrm = [ ]; 
WindDm = [ ]; % WindDm = zeros(1,9*12); 
RHm = [ ]; Sunm = [ ]; TMaxm = [ ]; 
TMinm = [ ]; TMeanm = [ ]; Vapm = [ ]; WindSm = [ ]; 
 
fid=fopen('Station Climatic Data-inserted-data-text.txt'); 
 
Seazeros1 = zeros(1,36); Seazeros2 = zeros(1,24); 
 
n = 20; 
nn = [n n 15 n 11 n n n n n n n];  % yrs of data for each parameter 
 
for i = 1:4 
   dline = fgets(fid) % reading first 4 lines of the file 
end 
 
% fgets reads a line of the file in string form, ie just the  
% characters which must then be converted to numbers 
 
for i = 1:12 
   for j = 1:nn(i) 
    dline = fgets(fid);            % reading line of data from file 
    tstring = dline(1:28);         % asigning first 19 characters of the 
                                     % line to tstring 
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    [r c] = size(dline);           % finding length of the line 
    linerest = dline(29:c);        % assigning characters from 20 onwards 
                                     % to linerest 
    data(j,:) = str2num(linerest); % converting string to actual numbers 
   if i == 1 
      Epanmonth(j,:) = data(j,:); 
      Epanm = [Epanm data(j,2:13)]; 
   elseif i == 2 
      Pmonth(j,:) = data(j,:); 
      Pm = [Pm data(j,2:13)]; 
   elseif i == 3 
      SeaPressure(j,:) = data(j,:); 
      if j <= 13 
         SeaPrm = [SeaPrm data(j,2:13)]; 
         SeaPrm1 = SeaPrm; 
      elseif j == 14 
         SeaPrm = [SeaPrm Seazeros1]; 
         SeaPrm = [SeaPrm data(j,2:13)]; 
         SeaPrm2 = data(j,2:13); 
      else 
         SeaPrm = [SeaPrm data(j,2:13)]; 
         SeaPrm = [SeaPrm Seazeros2]; 
         SeaPrm2 = [SeaPrm2 data(j,2:13)]; 
      end 
   elseif i == 4 
      StationPressure(j,:) = data(j,:); 
      StaPrm = [StaPrm data(j,2:13)]; 
   elseif i == 5 
      WindDirection(j,:) = data(j,:); 
      WindDm = [WindDm data(j,2:13)]; 
   elseif i == 6 
      RH(j,:) = data(j,:); 
      RHm = [RHm data(j,2:13)]; 
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   elseif i == 7 
      Sun(j,:) = data(j,:); 
      Sunm = [Sunm data(j,2:13)]; 
   elseif i == 8 
      TempMax(j,:) = data(j,:); 
      TMaxm = [TMaxm data(j,2:13)]; 
   elseif i == 9 
      TempMin(j,:) = data(j,:); 
      TMinm = [TMinm data(j,2:13)]; 
   elseif i == 10 
      TempMean(j,:) = data(j,:); 
      TMeanm = [TMeanm data(j,2:13)]; 
   elseif i == 11 
      VapourPress(j,:) = data(j,:); 
      Vapm = [Vapm data(j,2:13)]; 
   else 
      WindSpeed(j,:) = data(j,:); 
      WindSm = [WindSm data(j,2:13)]; 
   end % end of j loop 
end  % end of the i loop 
   clear data; 
   dline = fgets(fid); dline = fgets(fid); 
end 
fclose(fid); 
 
WindSm = WindSm*1.85*24;  % converting knots to km/day 
 
Fetch = 1000; 
lnF = log(Fetch); lnw = log(WindSm); 
Kp = 0.61 + (0.00341 - 1.87e-6*WindSm).*RHm - 1.11e-7*WindSm*Fetch; 
Kp = Kp + 3.78e-5*WindSm*lnF - 3.32e-5*WindSm.*lnw; 
Kp = Kp - 0.016*lnw*lnF + 0.00063*lnF^2*lnw; 
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tmon = 1:1:12*20;  % when every year's data is available 
tw = 9*12+1:1:20*12;    % prev wind data only goes from 1992 - 2002 
ts1 = 1:1:13*12; ts2 = 16*12+1:1:18*12; % 1983 - 85 & 99 - 2000 
 
Ea = Epanm' * Kp 
figure(1) 
plot(tmon,Epanm) 
xlabel('Months since 1983') 
ylabel('E_{pan}  (mm)') 
 
figure(2) 
plot(tmon,Pm) 
xlabel('Months since 1983') 
ylabel('Rainfall  (mm)') 
 
figure(3) 
plot(ts1,SeaPrm1,ts2,SeaPrm2) 
xlabel('Months since 1983') 
ylabel('Sea Pressure  (HPA)') 
 
figure(4) 
plot(tmon,StaPrm) 
xlabel('Months since 1983') 
ylabel('Station Pressure  (HPA)') 
 
figure(5) 
plot(tw,WindDm) 
xlabel('Months since 1983') 
ylabel('Prevailing Wind Direction') 
axis([0 250 0 400]) 
 
figure(6) 
plot(tmon,RHm) 
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xlabel('Months since 1983') 
ylabel('Relative Humidity  (%)') 
 
figure(7) 
plot(tmon,Sunm) 
xlabel('Months since 1983') 
ylabel('Sunshine  (Hours)') 
 
figure(8) 
plot(tmon,TMaxm,tmon,TMinm,tmon,TMeanm) 
xlabel('Months since 1983') 
ylabel('Temperature  (C)') 
legend('Max','Mean','Min') 
 
figure(9) 
plot(tmon,Vapm) 
xlabel('Months since 1983') 
ylabel('Vapour Pressure  (HPA)') 
 
figure(10) 
plot(tmon,WindSm) 
xlabel('Months since 1983') 
ylabel('Wind Speed  (km/days)') 
 
figure(11) 
plot(tmon,Kp) 
xlabel('Months since 1983') 
ylabel('Kp Pan coefficient') 
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6.15 Appendix :       MATLAB code for water content in size1 location 
clear all 
load waterc1.mat 
y = [1996 1996 1996 1996 1997*ones(1,21)]'; 
m = [12 12 12 12 1 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5]'; 
d = [21 23 28 30 5 12 18 25 28 1 6 15 26 5 12 19 26 2 14 23 30 7 14 21 28]'; 
data = data/1000; 
t1s1=data(:,1); 
t1s2=data(:,2); 
t1s3=data(:,3); 
t2s1=data(:,4); 
t2s2=data(:,5); 
t2s3=data(:,6); 
dnm = datenum(y,m,d); 
figure(1) 
plot(dnm,t1s1,dnm,t1s2,dnm,t1s3,dnm,t2s1,dnm,t2s2,dnm,t2s3); 
datetick('x', 'mmmyy'); 
xlabel('Date') 
ylabel('Water Content mm/mm'); 
title('Water Content mm/mm in size 1 plots'); 
legend('t1s1','t1s2','t1s3','t2s1','t2s2','t2s3 
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6.16 Appendix :       MATLAB code for water content in size2 location 
 
 
clear all 
load waterc2.mat 
y = [1996 1996 1996 1996 1997*ones(1,21)]'; 
m = [12 12 12 12 1 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5]'; 
d = [21 23 28 30 5 12 18 25 28 1 6 15 26 5 12 19 26 2 14 23 30 7 14 21 28]'; 
waterc2 = waterc2/1000 
t1s1=waterc2(:,2); 
t1s2=waterc2(:,3); 
t1s3=waterc2(:,4); 
t2s1=waterc2(:,5); 
t2s2=waterc2(:,6); 
t2s3=waterc2(:,7); 
dnm = datenum(y,m,d); 
figure(1) 
plot(dnm,t1s1,dnm,t1s2,dnm,t1s3,dnm,t2s1,dnm,t2s2,dnm,t2s3); 
datetick('x', 'mmmyy'); 
xlabel('Date') 
ylabel('Water Content mm/mm'); 
title('Water Content mm/mm in size 2 plots'); 
legend('t1s1','t1s2','t1s3','t2s1','t2s2','t2s3') 
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6.17 Appendix :       MATLAB code for soil moisture characteristic curve 
 
load tension.txt 
 
p = tension(1,:) 
th1 = tension(2,:); 
th2 = tension(3,:); 
th3 = tension(4,:); 
th4 = tension(5,:); 
 
z = 0.1:0.1:15; 
tr = 23; ts = 45; b = -0.9; 
y = tr + (ts-tr)*exp(b*z); 
 
figure(1) 
plot(p,th1,p,th2,p,th3,p,th4,z,y) 
legend('th1','th2','th3','th4','y') 
 
%figure(2) 
%plot(th1,lp,th2,lp,th3,lp,th4,lp) 
%legend('th1','th2','th3','th4') 
 
 
 
    
  
 
 
 
 
    
  
 
